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At the annual meeting of the American Geophysical Union on 
April 18, 1923, the Section of Volcanology and the Section of Geo- 
physical Chemistry held a joint meeting of one-half day, devoted 
to “A Symposium and Discussion on the Temperatures of Hot 
Springs and the Sources of Their Heat and Water Supply.”’ Some 
of the papers presented were repeated, and the discussion was con- 
tinued, at a conference at the United States Geological Survey on 
April 27, 1923. The papers presented are brought together in the 
following pages, together with two other papers prepared at the 
request of the secretary in order to make the collection more com- 
pletely representative of American hot-spring localities. Notes on 

the discussion and a general summary are also included. 
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THE SOURCE OF THE HEAT AND THE SOURCE OF THE 
WATER IN THE HOT SPRINGS OF THE LASSEN 
NATIONAL PARK 
ARTHUR L. DAY anp E. T. ALLEN 
Geophysical Laboratory, Carnegie Institution of Washington 

This paper, which forms a part of a treatise of more general scope 
on the hot springs of the Lassen National Park, California, is a dis- 





cussion of the salient facts bearing on two questions: the source of 


the heat and the source of the water. 


DESCRIPTION OF THE SPRINGS 


rhere are at least eight groups of these springs occurring a few 


miles apart, the largest group covering an area approximately 550 X 
1300 feet. Individual pools range in size all the way from a diameter 
of 50 feet or more down to insignificant dimensions. ‘Though they 
have never been gauged, it is obvious to an observer that the dis- 
charge even from the largest springs is quite small and some springs 
have no visible outlet at all. In temperature there is considerable 
variation. ‘The majority are hot and many are close to the boiling- 
point for the elevation, namely, g1° to 95.5° C., while others asso- 


ciated with them are only warm or rarely cold. In the spring of the 
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year, fluctuations of temperature occur within short intervals of 
time, but more significant are the variations in the level and volume 
of the water. Some mud pots practically dry up as summer 
advances. ‘The mineral content of the spring waters, varying from 
0.5 gm. to 1.5 gm. per liter, consists chiefly of sulphates of the com- 
mon rock bases and colloidal silica, though significant amounts of 
boric acid occur in a few springs. Most of the waters are practically 
neutral or slightly acid; a very few are slightly alkaline. None of 
them is depositing calcareous or siliceous sinter, but all contain more 
or less sediment consisting of kaolin, opal, very small amounts of 
pyrite, and sometimes alunite. Pyrite often accumulates in larger 
quantities in the little streams which form the outlets of the springs. 

The Lassen springs are closely comparable in type with those in 
the Norris Basin of the Yellowstone Park. There are bubbling 
springs, spouting springs, mud pots, and mud volcanoes, but no 
geysers." 

SOURCE OF THE HEAT IS VOLCANIC 

Although the volume of hot water discharged from these springs 
is small, the heat supply compared to the supply of the water must 
be large, for many springs are spouting jets of hot water sometimes 
of considerable size to heights of 1 to 3 feet, and a few send up jets 
at times to heights of 5 or 10 feet. Some fumaroles pour out con- 
siderable volumes of steam. One roaring fumarole at “* Bumpass 
Hell”’ showed in 1916 a maximum temperature of 117.5° C. 

A satisfactory source for this heat is not far to seek; important 
facts command the attention at once. Lava flows are conspicuous 
in the neighborhood of the springs and the kaolinized earth of the 
basins is mingled with débris from these lavas. All the groups are 
closely associated with a system of faults, and their alignment sug- 
gests that they follow two intersecting fissures (J. S. Diller). In 
several of the basins the springs are ranged in lines suggesting local 
fissures. Finally, the recent eruption of Lassen Peak in the near 
vicinity proves that volcanic energy there is not extinct. 

In entire accord with these facts is the almost universal occur- 
rence in the springs of volcanic gases. They consist chiefly of 

* With the possible exception of Morgan’s Springs, which have not been visited 


by the authors. 
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carbon dioxide with lesser amounts of hydrogen sulphide, hydrogen, 
nitrogen, and argon. The composition of the gases throughout the 
region, so far as examined, is singularly constant, indicative of a 
common source. That this source is a hot underlying magma or 
batholith will hardly be questioned by a student of the subject, 
for all igneous rocks, which at an earlier period of their history 
were, of course, magmas themselves, give off similar gases when 
heated. 

The evidence appears all very clear and consistent; still there 
are some secondary sources of heat which should be discussed. 

RADIOACTIVITY AS A SOURCE OF HEAT 

While the radioactivity of the gases and waters of the Lassen 
springs has not been investigated, tests of this kind have been made 
in Iceland by Thorkelsson and in the Yellowstone Park by Schlundt 
and Moore, with decisive results. The amount of the emanation 
in both these famous hot-spring localities is considerable, but no 
connection was found between the amount of it and the temperature 
of the waters. In fact, the cold waters of the Yellowstone were 
slightly more radioactive on the average than the hot waters. In 
both localities the investigators weré satisfied that radioactivity 
had nothing to do with the source of the heat. It is also noteworthy 
that mineral deposits which are most radioactive are not found 
associated with local high temperatures, and we conclude that fur- 
ther developments of importance along this line are unlikely. 


HEAT DEVELOPED FROM CHEMICAL PROCESSES 


Some are inclined to attribute to oxidation or other chemical 
processes which are supposed to be in progress near the surface of 
the ground a part or all of the heat supply of hot springs. In the 
Lassen springs there is abundant evidence of rock decomposition 
by sulphuric acid. This has been studied in some detail. The 
lavas everywhere in the hot-spring areas are in process of decompo- 
sition into kaolin, silica, the sulphates of the common rock bases, 
and other products in insignificant amounts. In a general way 


the following expression may serve to represent this process: 


a silicates+6 sulphuric acid=c sulphates+d kaolin+e silica. 
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This expression is not a true equation for the reason that a small 
amount of water is absorbed from outside the system, in the forma- 
tion of the kaolin, but the assumption that it is an equation is sufh- 
ciently near the truth for the purposes of this calculation. The 
method of calculation simply takes account of the soluble products 
found in a given volume of hot-spring water, from which can be esti- 
mated approximately the quantities of the other products involved 
in the chemical process considered. The resulting equation is then 
treated as a thermal equation. Although it is not possible to deter- 
mine all the chemical coefficients accurately, and the thermal data 
are not entirely complete, it is quite possible to estimate the order 
of magnitude of the aggregate heat effect satisfactorily. 

We select as an example the most favorable case, that of a boiling 
spring of the highest concentration. The soluble matter in a liter 
of it is easily determined by analysis; it consists of 0.4 gm. of sul- 
phates equivalent to 0.15 gm. of rock bases (Na,O, K,O, FeO, etc.), 
some free acid which had not had time to act on the rock, and a little 
ammonium sulphate which is assumed to have been derived from 
ammonia in the magmatic gases. Included in the 0.15 gm. of rock 
bases are a few centigrams of alumina which is usually very low in 
these waters. For the sake of simplicity we shall assume that all 
the alumina in the original rock is transformed into kaolin, though 
the heat of formation of the aluminum sulphate is not disregarded. 

As to the composition of the rock from which these sulphates 
were derived, many of the dacite andesites, the lavas in which all the 
hot springs occur, have been analyzed. The silica and alumina in 
them average about 60 per cent and 17 per cent respectively. Now, 
bearing in mind that kaolin contains about 4o per cent alumina and 
46.5 per cent silica, we have approximately: 
gm. silicates+-o.3 gm. sulphuric acid=o0.4 gm. sulphates+ 

o.3 gm kaolin+o.28 gm. silica. 


0.7 

The total heat effect we have to consider is the sum derived from 
two processes, /,, the heat produced in the decomposition of the 
rock represented above, and /,, the heat produced in the formation 
of the acid which decomposes the rock. The formation of the sul- 
phuric acid involves some speculation. The evidence will not be 
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presented here, but in our opinion it is most probably formed by the 
oxidation of a part of the hydrogen sulphide brought up with the 
magmatic gases. It is possibly formed by the oxidation of sulphur, 
but the order of magnitude of the heat effect is the same in both 
cases. The total quantity of the sulphuric acid from which the 
products in the spring water are derived is 0.695 gm. per liter, of 
which about half in this case remains undecomposed: 


h,=0.695X1.38=0.096 kg cal. or 0.695X1.45=1.0kg. cal. 


where the factors 1.38 and 1.45 are simply the heats of formation 
in kilogram calories of 1 gm. of acid. We will call /, therefore 
1.0 kg. cal. 

In calculating /, we find some of the thermal data wanting, but 
we choose values which are within the limits of probability. Thus 
the heat of formation of a few synthetic silicates has been deter- 
mined. These range from 2 to 3 kg.cal.per gm. Judging by heats 
of formation in general, it is quite unlikely that the values for rock 
silicates vary much from these limits, and the same is true of kaolin. 
The other data are known. From these we have: 


©.7 gm. silicates+o.3 gm. sulphuric acid=o.4 gm. sulphates 
h,=(—0.7X2.0 —0.3X2.15* +0o.95T 
+o.3 gm. kaolin+o.28 gm. silica 
+0.3X3 +-0.28X 3) kg. cal. =o0.6kg. cal. 


h,=0.6 kg. cal. 
h,+h.=1.6 kg. cal. 


The temperature of the hot spring, the products of which are 
under discussion, was about 91°C. If the temperature of the 
ground water is taken as 10° C. it is obvious that the aggregate heat 


= , , 1.0 
effect from the processes considered would be g, oF about 2 per cent 
I 


‘ 
of the heat required to raise the temperature of the ground water 
to boiling. We have selected the most favorable case. In most 


* The equation, of course, involves the heat of formation of sulphuric acid from 
the elements. This is somewhat greater than the heat effect of the oxidation of the 
sulphur gases. 

t This figure includes a small heat effect from the neutralizatioa of ammonia— 
really a third effect. 
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springs the mineral content is much smaller and the corresponding 
heat effect is much less. If it is contended that there may be other 
chemical processes which have been left out of the discussion, we 
can only say there are none of which we have evidence which could 
contribute any important quantity of heat. Chemical oxidation, 
in all probability, is therefore a minor factor in the heat supply. 


THE SOURCE OF THE WATER 

The Lassen springs occur in small natural drainage basins in a 
country where, judging by records of the United States Weather 
Bureau for neighboring stations, the mean annual precipation must 
be above 40 inches. In May the snow lies deep on the mountain 
slopes, the valleys are watered by perennial streams, and cold pools 
and cold springs occur, sometimes associated with the hot ones. In 
all the areas there are warm pools much cooler than the boiling 
springs which are best accounted for by the presence of surface 
water. At the ‘“Geyser,’’ the “Boiling Lake,” the “Devil’s Kitchen,” 
and ‘‘Bumpass Hell” the indubitable effects of cold streams can at 
times be traced through temperature variations from day to day as 
the spring floods diminish, and while this fact does not prove that 
meteoric water finds its way into the springs beneath the ground, 
there is obviously a considerable supply very close at hand. Quite 
impressive is the drop in water level in many springs and the general 
decline in the outflow of water from the different areas as summer 
advances, while boiling in the waters becomes more active or spout- 
ing increases in violence. 

However, a decline in the volume of surface water may go so 
far as to result in decreased activity. Thus a number of mud pots 
at the “Boiling Lake”’ and “ Devil’s Kitchen,’’ in which the water 
supply is always small, become practically extinct as the summer 
advances, a phenomenon which we compare to the drying up of an 
ordinary spring. Altogether the evidence for the surface origin 
of water in the Lassen springs is so convincing to an observer that 
if the hypothesis of juvenile or magmatic water had never been 
proposed the entire adequacy of the simpler theory to account for 
all the water would probably not have been questioned. 
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THE PRESENCE OF MAGMATIC WATER 


Nevertheless, there are reasons for concluding that a portion 
of the water in these springs is magmatic—teasons so cogent that 
the conclusion appears almost inescapable. We have already found 
in the presence of the volcanic gases in the springs evidence of a hot 
magma or batholith from which the heat and the gases arise. We 
have concluded that a hot magma must of necessity give off vol- 
canic gases as well as heat, because all igneous rocks, which once 
were magmas themselves, give off similar gases when heated. 
Furthermore, heated igneous rocks almost invariably give off more steam 
than all other gases put together. 

Hot magmas in all probability always give off magmatic water 
and any hot spring which gives off volcanic gases should also con- 
tain some magmatic water. A possible step in the direction of 
estimating the amount of this magmatic water would be to deter- 
mine the ratio of the gases to the total water in the springs and then 
to compare this ratio with that of the gas to the steam in fumaroles, 
and the ratio of gas to water in rocks. Precise determination by 
this means is not possible but an intimation of the proportion of 
magmatic water might be obtained in this way. 


CONCEPTION OF THE HOT SPRING AND ITS RELATION 
rO THE MAGMA 


As regards their view of hot springs, geologists divide into two 
schools. One school has held the perfectly definite notion that hot 
springs are produced by meteoric water circulating under the 
influence of gravity through hot ground. Many of this school would 
probably admit that some of the volatile products along with the 
heat were derived from a deep-seated source. The other school, 
approaching the subject from a study of the mineral veins and their 
relation to the igneous rocks, has held that the water or some of it 
was juvenile, though their ideas of how this water is conveyed to the 
surface do not appear to have been clearly worked out." 

* Gas pressure is doubtless the force which raises petroleum to the surface and it 
is believed to be the force or one of the forces which raises lava in craters, but the 
amount of gas in these springs is regarded as entirely too small to lift spring water 


from great depths. 
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Some new light on the subject we believe is to be gained by con- 
sidering hot springs as one of the phases of volcanism and closely 
related to the fumaroles. Hot springs and fumaroles often if not 
generally occur together. There are fumaroles in some of the hot- 
spring areas under discussion, notably at ‘Bumpass Hell” and the 
“Devil’s Kitchen.’”’ Whether the one or the other occurs is no 
doubt a question of the relation of heat supply to water supply. 
Near a volcanic vent or during a volcanic outbreak when the tem- 
perature is most intense, fumaroles naturally predominate, some- 
times to the entire exclusion of springs. As the temperature falls, 
springs appear, and the two may occur together because of local 
differences in the heat supply or water supply. The magmatic 
water of a fumarole, of course, finds its way to the surface as steam. 
This is in entire conformity with the behavior of an igneous rock 
when heated.’ 

As the temperature falls, the process continues. Not until it 
reaches the critical temperature—strongly modified as it is by the 
soluble matter in the magma—would it be possible for the water to 
condense, and not then unless the pressure were sufficiently great. 
The experimental studies of G. W. Morey indicate, however, that 
the vapor pressure of water in the magma would be so reduced by 
the soluble matter that a pressure sufficient to condense the water 
would serve only to drive the water vapor into the magma. In 
other words, if water is to leave the magma at all it must do so as 
steam. If one is inclined to argue that some important factor has 
been omitted from the discussion, invalidating our conclusion, he 
finds himself confronted by the necessity of explaining how liquid 
water is raised to the surface. A force adequate to do this has so 
far not been suggested. 

Another line of reasoning has previously led us to the same con- 
clusion. Fumaroles commonly contain some acid gases—H,S, 
SO., HCl, HF, as well as CO,—while hot springs may be either acid 

tIf more direct evidence of magmatic water in fumaroles is desired, we may 
instance the well-known Fumarola o Vuccaloru at the foot of the Summit Cone of 
Aetna which gives off enormous volumes of steam even after nine months of rainless 
weather (observation of 1914). Its location (less than 1,000 feet below the summit) 
and the structure of the mountain also lead to the view that its water cannot be 


meteoric. 
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or alkaline. The presence of acid gases is easy to explain in fuma- 
roles as the result of hydrolysis of the various sulphide and halide 
molecules in the complex magma into volatile products and to some 
extent also by other considerations; but if liguid water arises directly 
from the magma it is impossible to understand how the water could 
ever be anything but alkaline, for the hydrolysis of the alkali silicates 
bringing soluble hydroxides into the liquid phase of the system would 
preponderate over acid-forming reactions on account of the much 
greater quantities of alkalies than acid elements like sulphur and 
the halogens in every igneous rock. 

On the other hand, if we assume that the acid gases come up 
with steam which is condensed by ground water, and that the sul- 
phur gases are subsequently oxidized to sulphuric acid, the nature 
of the water as it emerges from the ground will depend on the con- 
ditions. If the original supply of acid is not great, if the physical 
and chemical nature of the rock are favorable to rapid decomposi- 
tion by the acid, and if the time of contact between the two is long 
enough, the acid will disappear and the hydrolysis of the silicates 
will produce an alkaline water. Otherwise the supply of acid will 
be only partially used up and the water will remain acid. 

It has been suggested that an alkaline water containing soluble 
sulphides might be transformed by oxidation into an acid water. 
The answer to this is that the direct oxidation product in such a case 
should normally be thiosulphate, but, whatever the conditions of 
oxidation might be, it is clear that for the formation of an acid 
water in this way a preponderance of sulphur over dissolved alkali 
carbonate must be present, while our knowledge of the composition 
of rocks indicates that a magma which had such a preponderance of 
sulphur or other strong acid elements over the elements which form 
soluble hydroxides and carbonates probably never existed. We are 
led therefore to the conception that magmatic water, in so far as it 
is present in hot springs, rises from the magma along with the other 
gases as steam, is condensed somewhere near the surface of the 
ground' by meteoric water with which it becomes mingled, and that 
the mineral burden which the springs contain, except for the vola- 
tile constituents, comes from a depth no greater than the ground 
water penetrates. 


* That is to say, near as compared to the depth of the magma or batholith. 
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THE MEANS BY WHICH HEAT IS CONVEYED TO THE 
SURFACE 

If we accept the view that the Lassen hot springs contain mag- 
matic water and that this water rises from the magma as steam, it 
is clear that the condensation of this steam would supply a relatively 
large amount of heat. On the assumption that all the heat is sup- 
plied in this way and that none of it is lost to the surroundings, 
1 kg. of steam at an initial temperature of 100° C. would raise about 
6.5 kg. of ground water from an initial temperature of say 15° to 
95°C. (the boiling-point, as previously stated, varies here with 
altitude from about g1° to 95.5° C.), and the mixture would contain 
about 13 per cent of magmatic water. Furthermore, since the steam 
must have an initial temperature higher than the boiling-point of 
the spring, for each additional 100° in the initial temperature the 
heat supply would be increased about to per cent, but the quantity 
of magmatic water required for the heating would thereby be low- 
ered less than 1 per cent. 

Assuming still that all the heat of the springs is derived from the 
condensation of magmatic steam, it is obvious that the foregoing 
figures for the percentage of magmatic water would have to be raised 
in consequence of the loss of heat to the ground through which the 
waters percolate. After a time an equilibrium would be established 
in which this loss would be represented by the heat loss from the 
surface of the ground outside the springs. At present this quantity 
is impossible to estimate. ‘Temperatures at the surface itself in the 
hot-spring areas here under discussion seem to be near the normal 
except close to the borders of the pools. A few feet below the surface 
of the ground it is sometimes quite hot at long distances from the 
springs. In such cases, steam always seems to be present. Though 
we are inclined to the conclusion that the heat lost in this way is less 
than that carried off by the hot water, the very large area of the 
surface through which some heat escapes as compared to the area 
of the springs themselves is a factor which may raise the heat loss 
in question to an unsuspected magnitude. A further amount of heat 
is lost in evaporation. 

Whatever the magnitude of these corrections may be, it would 
seem a safe conclusion from this line of reasoning alone that the 
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surface water should be in excess over the magmatic water, especially 
where the water is barely boiling, or is below boiling temperature. 

But there are facts which are difficult to explain by the assump- 
tion that volcanic heat is transmitted to the surface entirely by 
magmatic steam. For example, there is strong evidence that the 
fumaroles of the Katmai region, Alaska, carry with the magmatic 
gases much steam originating from surface water. Gases from very 
hot fumaroles carry sometimes as much steam as those several 
hundred degrees lower in temperature. To assume that the heat 
is supplied entirely by the magmatic steam would lead to an initial 
temperature of the gases and of the magma absurdly high. But if 
the water is not all magmatic one must assume some other source of 
heat to vaporize the surface water. 

In so far, of course, as heat is supplied to the spring waters by 
any other means, our estimate of the quantity of magmatic water 
must be reduced. 

Only one other means for the transfer of heat from a batholith 
to the surface has yet been suggested, so far as we are aware; 
namely, conduction through the rock. It is difficult to see how heat 
could be conducted through the rock fast enough to keep up the 
temperature of boiling springs, especially springs of great volume 
like those of the Yellowstone. If it is possible at all, it must be 
accomplished by the circulation of the water through a labyrinth 
of cracks and crevices which brings a given volume of water into 
contact with a very great surface of rock, for rock is a poor conductor 
of heat, and shattered rock, such as would commonly be found in the 
upper strata of the Earth’s crust, especially poor. 

Some recent experiments of Jaggar offer good evidence that at 
least in these upper strata it is not chiefly by conduction that heat 
is transferred. In 1922 Jaggar sunk several drill holes in or near the 
crater of Kilauea. One of these was bored in the bottom of the 
crater within half a mile of the Lake of Fire where a high tempera- 
ture gradient was expected. At a depth of 80 feet a temperature 
of 62° C. was found. As a matter of fact there was no gradient at 
all; the temperature was equalized by a rising stream of volcanic 
gases. The maximum temperature found in any of the boreholes 
was the boiling-point of water for that altitude, namely, 96° C. 
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The gases here are mostly steam, 96-97 per cent in the samples 
analyzed, which for reasons previously stated is doubtless partly 
magmatic. But much of it is certainly surface water, for the rain- 
fall there is very high and the lava remarkably porous. 

Jaggar’s experiments tend to confirm our ideas of heat convection 
by steam, and they suggest further that surface water as well as 
magmatic water may have a part in the transfer. Circulating 
ground water receives heat from magmatic steam which rises 
through crevices cutting the path of the ground water. Very 
narrow cracks offer a ready passage to the steam, but are less acces- 
sible to liquid water. We may suppose, however, that some surface 
water finds its way through and into a zone where it is not stable 
but where the temperature may or may not be much above boiling, 
according to varying conditions in different places. For every 
point in the path of the circulating ground water, there is of course 
a depth below which gravity cannot bring it again to the surface. 
If the water falls below this depth it will continue to fall until it is 
vaporized, when it will again rise carrying its latent heat toward the 
surface. In this way another portion of heat may be transferred 
from the rock to the surface water. This process seems the more 
likely to happen because it is difficult to believe that fractured rock 
which permits the passage of steam would not also give access to 
some liquid water, though in particular cases it is possible that the 
pressure of escaping steam might practically prevent it. One 
limitation to the transfer of heat by this means is obvious. Since 
the heat in question is withdrawn from the rock by a change of state 
in the water, the process cannot be operative below the depth which 
liquid water can reach. From the magma or batholith up to that 
level, it would seem that conduction must afford the only means of 
transferring heat excepting that by means of magmatic steam. As 
to the fraction of ground water which may be instrumental in the 
transfer of heat, it is clear from the previous discussion that only a 
comparatively small amount would be required as an intermediary 
to heat all the water to boiling even if there were no magmatic 
steam at all. 

If any additional amount of ground water were vaporized, it 
would persist as uncondensed steam which, according to conditions, 
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might seek for itself a shorter route to the surface, or accompanying 
the hot water to the spring orifice might, in its escape, give rise to 
the pulsation or spouting so commonly observed in these springs. 

While this line of reasoning seems to lead independently to the 
conclusion that meteoric water in the Lassen springs is in excess of 
the magmatic, we rely rather on the more obvious evidence of the 
field which we have previously described. This leaves no doubt 
in our minds of the correctness of the conclusion. 

CONCLUSION 

As a result of our studies in the Lassen National Park we con- 
clude that the hot springs are fed chiefly by surface water which 
drains the basins in which they lie, and that the variation in the 
volume of this water locally and seasonally accounts for the varia- 
tions in volume and for the greater part of the variations in tempera- 
ture which we find in the springs. Another portion of water, prob- 
ably much smaller in amount, is derived from an underlying magma 
or batholith. Rising in the form of steam along with other volcanic 
gases through clefts in the rock, it is condensed by the ground waters 
and becomes mingled with them. The amount of this magmatic 
water varies in different springs and at different times in the same 
springs, not so much because of inconstancy in the emanation as 
because of variations in the volume of ground water. 

Some of the heat, probably a large part of it, is derived from the 
magmatic steam. Another portion conveyed by conduction through 
the lower depths of the rock is carried through the upper strata by 
the evaporation of a fraction of the ground water in a manner which 
has been explained. 

Whether the spring waters descend throughout their whole 
course, or whether they ascend in the latter part of it as do artesian 
waters, we do not know, but according to our view the liquid water 
comes from no greater depth than the ground water penetrates, 
and the mineral content of the waters, excepting the volatile portion 
or the portion which was once volatile, is all derived from the rock 


above that level. 
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A PHYSICAL SOURCE OF HEAT IN SPRINGS 
LEASON H. ADAMS 
Geophysical Laboratory, Carnegie Institution of Washington 

The purpose of this note is to direct attention to the thermal 
effects accompanying release of pressure. 

It is well known that when pressure on a gas is released through a 
small opening or porous plug the change in temperature is usually 
small and may be either a heating or a cooling. It is not so well 
known that when a liquid is expanded in this way the thermal effect 
is large and is always a heating. This porous-plug expansion is 
probably the most common variety of expansion in naturally occur- 
ring processes involving release of pressure, and is to be carefully 
distinguished from reversible expansion and from explosive expan- 
sion. When a gas does work while expanding, as, for example, steam 
in the cylinder of a steam engine, the condition of reversible expan- 
sion is approximated, and a considerable lowering of the temperature 
always takes place. On the other hand, if gas be expanded into a 
vacuum (Joule’s free expansion), or if a material under high pressure 
in a bomb escapes suddenly by the blowing off of the lid, we have 
explosive expansion in which case the temperature-effect for either 
liquids or gases is very small. The porous-plug expansion differs 
from reversible expansion by not doing work on outside bodies, 
and from explosive expansion—which also involves no work—in 
implying a reservoir of gas or liquid whose pressure changes little 
or not at all during the escape of the material under observation. 
Although called porous-plug expansion, this process does not require 
an actual porous plug. Release of pressure through a partially 
closed valve or throttle, or through a crack or through any kind of 
orifice, yields the same result so long as the exit velocity is compara- 
tively low and an adequate supply of material under pressure is 
maintained. 

The temperature change during porous-plug expansion may be 
readily calculated. Let A be the increase in temperature (° C.) 
accompanying a decrease in pressure of 1 megabar (=0.987 atmos- 
phere); and let v be the specific volume (the reciprocal of the den- 


sity); a the coefficient of dilatation in cm’ per degree; JT the 
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absolute temperature; cy» the specific heat in deci-joules (1 deci- 


joule=o.239 calories). Then 


For gases at low pressure v is nearly equal to aT; consequently, 
the numerator of the fraction is small, and A is therefore nearly 
negligible. But for liquids a7 is small in comparison with v, and 
hence A is large and positive. In the case of water, A initially is 
0.023° C. per megabar; and by expansion from about 4,000 mega- 
bars to r megabar water would heat itself from ordinary room tem- 
perature to the boiling-point. For other liquids the effect is usually 
somewhat greater, but of the same order of magnitude as for water. 
Even gases at high pressures show a notable increase of temperature 
when expanded through a small orifice or porous plug. In general, 
a gas of low specific volume (high density) would be expected to 
heat itself by expansion. 

Now if we suppose that all or a part of the water of hot springs 
comes from a considerable depth and that the water by some means 
or other is forced up from below where the pressure is high, the pres- 
sure will be released according to the method called porous-plug 
expansion and there will be an increase of temperature determined 
by the initial pressure. This would imply that the opening or 
channel by which the water passes from the region of high pressure 
to the surface is small in bore—in some part of its course, at least 
so that the pressure might be diminished to its final value without 
causing the water to issue violently from the visible source. 

Comparatively little effect would be expected from meteoric 
water, because the depth from which such water could come prob- 
ably would not be very great and because in the case of a liquid issuing 
from the shorter branch of a siphon the effective pressure would be 
only that due to the difference in height of the two branches. But 
for magmatic water, the temperature rise might be of considerable 
magnitude. If we imagine some process by which at a given depth 
water is evolved at a pressure equal to the rock pressure at that 
depth and forced into and along a crack until it reaches the surface, 
the final temperature will be higher than the initial temperature 
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by something over 20° C. for each 1,000 megabars pressure. This 
assumes that there is no loss of heat by conduction. A pressure of 
1,000 megabars corresponds to a depth of about 35 kilometers. 

On account of the normal thermal gradient in the Earth, material 
brought from depth has a higher temperature than material at the 
surface. The temperature rise obtained by expansion is less than 
the gain in temperature due to the normal thermal gradient; but 
the two effects are superposed, and the temperature rise due to 
expansion is a respectable fraction of the temperature increase as 
usually estimated. Conversely, if the depth of the source of the 
water in a hot spring be calculated from the temperature of the water 
and the temperature gradient in nearby regions, too great a depth 
will be obtained if thermal effect of expansion be neglected. 

The question may be raised as to whether the heat developed 
when a substance is forced through a crack or porous plug is not 
merely the result of the friction of the material against the walls 
of the conduit. This is not even approximately true for gases, 
which in spite of friction may show a cooling, but for liquids it so 
happens that the rise of temperature is nearly equal to the thermal 
equivalent of the energy expended in forcing the liquid through the 
opening; and in general the total change in temperature is nearly 
equal to the heat which would be generated by friction minus the 
cooling which would be expected from expansion under load. The 
heat effect might also be explained in terms of the conversion of 
kinetic energy into heat, as the material, after issuing from a region 
of high pressure, loses its initial high velocity and is reduced to a 
state of quiet flow. But to regard the phenomenon merely as one 
kind of expansion and to calculate the temperature change from the 
equation given above, is far simpler and enables us the more readily 
to understand why—for a given initial pressure—the liquid under- 
goes the same rise in temperature when flowing out through a small 
or narrow crack as when forced through a larger opening. 

The rise in temperature for liquid water as given above would 
hold only if the initial pressure were that of the rock at the given 
depth. If the pressure were only that of a column of water of the 
same height, the thermal effect would be smaller. It is probable, 
however, that magmatic water is produced at a pressure equal or 
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nearly equal to the normal hydrostatic pressure corresponding to a 
column of rock extending to the place of formation. Additional 
complications would enter if magmatic water, instead of being 
produced under pressure and expanded in the liquid state, were 
expelled from the magma as vapor (under pressure), condensing 
at some higher level, and finishing its expansion in the liquid state. 
But in any event, porous-plug expansion as a source of heat is a 
factor not to be neglected in dealing with hot springs. It not only 
serves to maintain heat in spite of expansion, but may be an impor- 
tant agency in raising the temperature. 


TEMPERATURES IN SOME SPRINGS AND GEYSERS IN 
YELLOWSTONE NATIONAL PARK 
C. E. VAN ORSTRAND' 
U.S. Geological Survey, Washington, D.C. 


HISTORICAL NOTE 


The discovery of the springs and geysers in the wonderful region 
now known as Yellowstone National Park was made in or about the 
year 1806 by John Colter (or Coulter), who left the Lewis and Clarke 
expedition to go back to the head waters of the Missouri River to 
hunt and trap. In 1844, James Bridger, a noted Rocky Mountain 
guide, described the wonderful springs and geysers, but his stories, 
like Colter’s, were discredited by journalists who refused to believe 
such remarkable tales. In the meantime, rumors of a somewhat 
reliable character came from army officers, prospectors, and other 
private parties, but no authentic information seems to have been 
obtained until 1869 when Messrs. Cook and David E. Folsom pub- 
lished a report in the Lakeside Monthly of Chicago. 

In 1871, a geological and geographical survey of the region was 
begun by F. V. Hayden, who was so impressed with its wonders that 
he immediately suggested to Congress the desirability of setting 
aside the area for a national park. ‘This was done by Act of Con- 
gress on March 1, 1872. Hayden continued the survey in the sum- 
mer of 1872 and again in 1878. 


* Published with the permission of the Acting Director, U.S. Geological Survey. 
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Hayden’s reports’ for the years 1871, 1872, and 1878 contain 
elaborate records of the temperatures in the springs and geysers. 
The observations were made chiefly by Dr. A. C. Peale. Subse- 
quently a few observations were reported in 1888 by Gooch and 
Whitfield,? and more recently (1909) Schlundt and Moore? included 
a few observations in their report on the radioactivity of the thermal 
waters in the Park. 

DATA OF OBSERVATION 

The observations tabulated in Table I were made during the 
interval July 7-18, 1922. Two maximum thermometers were used. 
One of them recorded with an accuracy of 0.1 to 0.3° F.; the other 
one had been in use for a long time and occasionally recorded too 
low, sometimes to the extent of 1.0° F. The observations with the 
second thermometer were used merely as a rough check on the 
readings with the first thermometer. The thermometers were 
exposed directly to the water at a depth of about 1 foot. They were 
removed slowly from the water and held for a short time just above 
the surface. This precaution may or may not be necessary in gen- 
eral, but it was found that some thermometers fail to break the 
mercury column at the proper point when cooled quickly. The 
Rangers of the National Park Service made a great number of obser- 
vations for me, working independently and using one of the two 
thermometers with which the tests were made. These independent 
observations provide additional assurance that errors due to manipu- 
lation have been practically eliminated. 

*F. V. Hayden, Fifth Ann. Rept., U.S. Geol. Survey of Montana and Portions of 
Adjacent Territories, 1871; Sixth Ann. Rept. U.S. Geol. Survey of the Territories, pp. 1- 


187, 1872; Twelfth Ann. Rept., U.S. Geol. and Geographical Survey of the Territories, 


‘ 

Part 2, pp. 1-503 (“‘ Yellowstone National Park”), 1878 (Section II, “Thermal Springs,” 
pp. 03-420, by A. C. Peale.) 

See also A. C. Peale, “Lists and Analyses of the Mineral Springs of the United 
States,” U.S. Geol. Survey Bull. 32, p. 184, 1886. 

2 F. A. Gooch and J. E. Whitfield, “‘ Analyses of Waters of the Yellowstone National 
Park,” U.S. Geol. Survey Bull. 47, 1888. 

3H. Schlundt and R. B. Moore, “ Radioactivity of the Thermal Waters of Yellow- 
stone National Park,” U.S. Geol. Survey Bull. 395, pp. 23-24, 1909. 
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TABLE I 
OBSERVED TEMPERATURES 


(Distances are estimated) 





OBSERVED AIR 
TEMPERATURE | TEMPERATURE 
NAME ‘ REMARKS 


Cent Fahr. | Cent. | Fahr 





Mammoth Hot Springs 

















Angel Terrace 1.3 160 20.¢ 69 Algae 
Jupiter Terrace I 160.3 | 21.7 71 Algae. Reading July 7, 1922 
Same 71 16 22.2 2 Reading July 18, 1922 
None 71.4 | 160.5 8.9 18 A new spring about 700 feet southwest from main 
spring of Jupiter Terrace. Reading July 8, 
1922 
Same 71.8 | 161.2 | 22.2 Reading July 18, 1922 
None 2.0 | 161.6 | 22.8 73 60 feet southwest from Devil’s Thumb. Source 
of spring beneath shell of calcium carbonate 
Norris Geyser Basin 
None or.9 | 1907.4 | II.1 52 About 400 feet from camp; 500 feet from hotel 
Water bubbles about 1 foot above level 
None Q1.4 196 .¢ II.7 53 Spring on small stream, about 200 feet from pre- 
ceding spring. Muddy water. Quartz grains 
None.. 9 194.0 | 13.9 5 Geyser south of hotel. About 4 feet in height. 
| Water muddy, lime color. Observed tempera- 
ture probably too low as it was impossible to 
hold the thermometer in a fixed position 
None 9 194.9 | 15.¢ 60 Spring, bubbling about 1 foot above level. Loca- 
tion about 50 feet east of preceding geyser 
None 84 18 13.9 5 Spring. 100 feet west of highway; 400 feet south 
of hotel 
None 90.0 194 13 56 Spring about 100 feet from Arsenic Spring; 250 
feet from Constant Geyser; 180 feet from 
Hurricane Pool 
None Q2.2 197.9 16.7 62 Spring; 100 feet south of Onyx Spring 
None | 89.1 192.3 | 16.1 61 Spring; 50 feet south of Onyx Spring 
Onyx Spring | 8 189.9 | 15.0 ) Intermittent, height about 18 inches. Pool about 
| 20 feet diameter 
None 87.8 | To 14.4 8 Spring in Porcelain Basin; 80 feet from Onyx 
Spring Water light blue Intermittent 
bubbles 2 feet in height, pool 1o feet diameter 
None 90.0 | 194.0 | 12.8] 55 Spring near edge of Porcelain Basin. Water blue 
Whirligig Geyser 87.7 189.9 | 10.1 or | Water clear; height 20 feet. Diaineter of pool 
| 20 feet 
Tea Kettle 89.3 | 192.7 | 18.3 65 Spring and slanting geyser; both intermittent. 
Old vent of Whirligig Geyser 
Constant Geyser 86.7 | 188.1 | 11.7 |] §3 Intermittent, height 40 feet; diameter of pool 
| about 35 feet 
Hurricane Pool go. 195 10.¢ st | Water light blue. Diameter of pool about 50 


feet. oo feet from Hurricane Spring or under- 
} ground river 

None 92.2 197.9 | 12.8 | 55 Spring of clear water, about 10o feet from Hurri- 

| | cane Spring and about 50 feet from floor of 

basin. 8 feet diameter 


None 90.1 194.1 | 13.0 57 Mud spring, 2 feet diameter. On floor of basin 
| about 100 feet from Mud Geyser 

Mud Boiler 93.5 | 200.3 16.1 | 6x | Spring, adjacent to and connected with Mud 
Geyser 

Baby Growler or.8 | 107.2 | 14.4 s8 | Spring of muddy water about one-third distance 
up the slope and about midway between Mud 
Geyser and Black Growler 

None : 86.1 187.0 | 21.7 71 | Spring in pool, 20 feet in diameter. Location, 

| 100 feet east of Congress Pool. 
Black Growler . 85 185.9 | 23.3 74 Steam and probably some gas escaping from vent 


about 3 inches by 7 inches. No water 


























NAME 


None 
None 


Fearless Geyser 
None 

None 

None 

Bath Tub Spring 
Emerald Spring 
Cinder Pool 


None 


None 


Beryl] Spring 


Mammoth Paint Pots 


None 


None 


None 


None 


None 
None 


None 


None 

None 

Clepsydra Geyser 
Jelly Geyser 

Jet Geyser . 





Prismatic Lake 
Excelsior Geyser 
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OBSERVED 
TEMPERATURE 


Cent Fahr 


67.2 153.0 
Q3.2 199.7 
| 
93.1 Ig9 .0 


93-3 199.9 


84.9 | 184.8 
93-4 200 .2 
92.3 198.1 
59.0 193.3 


92.1 197.5 


4-9 02.5 
9 4 200.1 
Qn. ¢ 177.1 


92.9 199.2 


93-3 199.9 
57.7 1590.9 
92.6 198.7 


92.7 195.5 
92.6 | 198.6 
gr. 197 .3 
gI 190.7 


93.1 199.6 


05.4 149.5 
59.0 193.3 





TABLE I—Continued 








AIR 
TEMPERATURE] 
| | REMARKS 





| Cent. | Fahr 








Norris Geyser Basin—Continued 





33.3 92 Pool 2s feet in diameter, bubbling gently. Loca- 
tion, 90 feet east of Minute Man Geyser 
23.9 75 Small spring from fracture in rock. Location, 


about 225 feet from Monarch Geyser and 450 
feet from Minute Man Geyser. Monarch 
Geyser bubbling very feebly 








18.3 | 65 Clear water, bubbling gently. Pool about 25 feet 
in diameter 
18.3 65 Spring of black mud. Location, near center of 
| first large basin east of highway 
18.3 65 Spring of white mud. Location, near preceding 
spring 
17.8 64 White mud spring, black on edges. Bubbling 
violently. Location, near preceding spring 
20.6 69 Clear water 
17.2 63 Clear water 
18.9 66 White mud and cinders. Location, on 100 
Spring Plain. Pool about 40 feet in diameter 
16.7 62 Spring of clear water. Diameter of pool about 
20 feet. Location, about 250 feet west of 
Cinder Pool 
16.7 ¢ Sulphur Spring in rock fracture on north edge of 
One Hundred Spring Plain 
14.4 58 Bubbling violently. Location, west side of 
highway, about 5 miles southwest from Norris 
Ranger Camp. Elevation 7,296 feet 
Lower Geyser Basin 
2 74 
23.3 74 Spring of gray mud, 12 inches diameter, 6 feet 
deep. Location about 70 feet north of Mam- 
moth Paint Pots 
( 78 Spring bubb ling gently. Intermittent. Diame- 
ter of pool, 6 feet. Location, west of Paint 
Pots, on hd which measures about roo feet 
at base 
25.6 78 Intermittent, but bubbling actively at time of 
test. Diameter of hole 8 inches. Location 
about 1o feet from precec ding spring 
25.6 78 Spring on highest point of lower basin, 300 feet 
west of Mammoth Paint Pots. Goes dry. 
Activity just beginning when test was made. 
Clear water 
30.0 86 Spring in pool, 25 feet diameter. Location, 
about 1,000 feet west of Fountain Hotel 
30.0 86 Second test of preceding spring. Flow discon- 
tinued immediately after test was made 
28.9 84 Spring of clear water bubbling moderately in pool 
5 feet in diameter. Location, about 1,200 feet 
west of Fountain Hotel. This and the two fol- 
lowing springs are at the vertices of a triangle 
The side from the first to the second measures 
60 feet, from the second to third 40 feet, from 
the third to the first 30 feet 
2 81 | Spring bubbling violently. Diameter 8 inches 
2 81 | Spring bubbling violently. Diameter 12 inches 
° 86 Silica 
° 95 Silica; test made at first appearance of water 
32.8 gI Silica; water flows from small hole in large frac- 
ture 
30.0 86 Test about 15 feet from shore line 
27 82 Thermometers placed in bubbling water near 


edge of pool about 400 feet in diameter. Level 
of the water is about 20 feet below the surface 
of the ground 
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TABLE I—Continued 











Blue Star. 
None. 


Chinaman 
None 


Giantess Geyser 


Tea Kettle 
Vault 
Butterfly Geyser 


Topaz Spring 
Doublet Pool 
Algous Pool 


Ear 
Tortoise Shell 


Crested Pool 
Big Cub 


Lioness 
Burning Pool 
Burning Pool 
None 


Bulger 
Witches Cauldron 
Churn 


Spasmodic 

None 

Economic Geyser 
Saw Mil! Geyser 
Beauty Spring 
Chromatic Spring 
Ink Well Spring 
Oblong Geyser 


Giant Geyser 
Mastiff Geyser 
Rocket 

Grotto Geyser 


Spa 
None 


Riverside Geyser 
None 


Morning Glory Pool 
Fan Geyser 





OBSERVED 
TEMPERATURE 


Cent. | Fahr 


| 


ao @OmHr Kk On 





REMARKS 





Upper Geyser Basin 





No bubbling 

Bubbling gently. 5 feet diameter. 30 feet from 
Chinaman; 50 leet from shore of Firehole 
River, 40 feet above level of Firehole River 

Bubbling moderately 

Spring in rock fracture about 300 feet from Bee- 
hive in line with Butterfly Geyser. Bubbling 
rapidly 

Pool 30 feet diameter. Bubbling gently and 
intermittently 


Quiescent 
Bubbling moderately at one point on edge of 12 
foot pool. Eruptions probably discontinued 
| 6 feet diameter. Bubbling 
Quiescent 
J -- Lames Bubbling freely from fracture 


Pool rv : het by 8 feet, bubbling moderately on 
| one side 
At fice of Castle Geyser. Bubbling violently. 
Silica 
5 feet in diameter. Bubbling very feebly 
} Aa 3 feet high; 2 feet in diameter at top. 
Silica 
Cone 2 feet high; 6 feet diameter. Silica 
Test immediately after eruption in Grand Geyser 
Spouting 5 feet, large volume of water 
Spring, bubbling gently, 60 feet from Bulger; 
50 feet from Witches Cauldron 
Bubbling pool, 4 feet by 7 feet 
| Silica cone, 2 feet diameter on inside 
| Narrow cone on edge of left bank of Firehole 
River 


2 feet diameter; 30 feet from center of Spasmodic 

yt aed extinct. Algae 

In eruption 

Quiescent. 60 feet diameter 

Quiescent 

Right bank of Firehole River 

Pool 15 feet by 40 feet; bubbling moderately 
on edge 

Bubbling violently 26 hours after eruption 
Cone 12 feet high, broken on one side; 0 feet 
inside diameter 

30 feet from Giant Geyser 

50 feet from Grotto Geyser. Cone 5 feet bigh. 
Bubbling water, 12 feet below top of cone 

Cone 8 feet high, very irregular. Bubbling 

water, 12 feet from top of cone 

Spring. 8 feet by 15 feet 

Quiescent pool, so feet diameter. Location 
about roo feet from bridge over Firehole 
River. and about 1,000 feet southwest from 
Spa on the opposite side of the highway 


Bubbling pool 6 feet diameter, 250 feet from Spa 
on opposite side of the highway 

30 feet diameter. Quiescent 

Possibly extinct. Bubbling at end of pool 5 feet 
by 12 feet 
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TABLE I—Continued 

































































} OBSERVED Arr 
. | TEMPERATURE | TEMPERATURE 
NAME REMARKS 
| | 
Cent. | Fahr. | Cent. | Fahr. 
| | 
Upper Geyser Basin (Black Sand Basin) 
| 
Daisy Geyser. ...... | 86.9 188.4 | 28.3 83 Surface drainage 
n Comet Geyser 04.2 | 201.6 | 28.3 83 
e Splendid Geyser 93-3 | 199.9 | 30.0 86 
Brilliant Pool. . ..-| 89.3 | 192.7 | 30.0 86 
: Punch Bowl Spring... .| 93.8 | 200.8 | 28.3 83 12 feet diameter, bubbling on edge. Silica 
: ei atebesse< . 93.4 | 200.2 | 28.3 83 Bubbling spring 2 feet diameter, 50 feet southwest 
q of Punch Bow! Spring 
Black Sand Pool -| 92.9 | 1090.3 28.9 84 40 feet diameter, quiescent 
l ) .| 85.3 | 185.5 32.2 90 Quiescent spring, 400 feet east of Black Sand 
| | Pool. At bottom of hole 
Spouter . . “een 93-3 | 109.9 | 30.0 86 25 feet diameter. Bubbling violently 
rer | 93.0 | 199.4 | 39.0 86 Bubbling spring 12 inches in diameter, 30 feet 
| from Spouter 
Rainbow Pool. .ee+] 72.7 | 161.0 | 25.6 78 
Handkerchief Pool.....| 84.1 | 183.4 | 25.0 78 
Emerald Pool | 68.1 | 154.6 | 32.2 90 | 
Cliff Spring... .. | 88.8 | r9or.8 | 32.2 90 
Three Sisters ..| 82.2 | 179.9 | 28.9 | 84 | Middle pool 
Old Faithful Geyser...| 93.4 | 200.1 | 16.1 | 61 Temperature of steam at depth of about ro feet. 
| | No variation in temperature could be detected 
| | over an interval of about 40 minutes 
| Thumb 
. | | | 
ee 85.4 | 185.8 | 21.1 | 70 Pool 30 feet in diameter bubbling gently near the 
| edge. 80 feet south of Paint Pots. Clear 
| | | water 
Paint Pots -eees] 93-2 | 199.8 | 22.2 72 | 
| ess | 93.2 | 199.8 | 23.3 74 Pool 30 feet diameter, bubbling in center and 
| | near edge. 90 feet from shore of lake and 120 
| | | feet from Lake Shore Geyser 
Lake Shore Geyser 92.6 | 198.6 | 2t.1 | 70 | Behavior very erratic 
Fishing Cone...... | 76.9 | 170.4 | 20.0] 68 | yt 
iss adie ceseees | 9.7 | 197.1 | 18.9 66 | Pool 30 feet in diameter, about one-fourth mile 
| | north of Fishing Cone 
Beis cckeaccenctws | 93 9 201.0 | 18.3 65 Pool 30 feet in diameter. About 4o feet from 
| | highway 
Tom Thumb........ 92.8 | 199.1 | 20.6 69 Reading probably too low on account of violent 
| | bubbling 
None. -| 94.6 | 202.3 | 18.3 | 65 Small spring adjacent to Tom Thumb 
— : 
Mud Geysers (About 4 miles south of Crater Hills) 
‘ae 3 | 
j | 
None 49.0 | 121.3 | 17.2 | 63 | Spring in pool 25 feet by 60 feet. 150 feet from 
| Mud Volcano 
None.... 47.1 | 116.7 | 26.7 | 80 Mud spring near pool 150 feet in diameter 
None.... 68.9 | 156.0 | 28.3 83 Near preceding spring 
None 65.1 | 149.1 | 25.6 78 Spring, 4 feet from edge of pool. 150 feet in 
| | diameter 
None. . 65.5 | 149.9 | 26.7 80 Spring in 150 foot pool, 5 feet from edge 
None | 79.6 | 175.2 23.9 75 Mud Spring about midway between Dragon’s 
| | Mouth and Mud Volcano 
None 81.3 | 178.4 | 28.9] 84 Mud spring, 4 inches in diameter, near preceding 
None. | 84.9 184.8 | 19.4 67 Mud spring, 3 inches diameter, 200 [bet from 
| Mud Volcano 
None 86.6 | 187.9 | 18.9 | 66 | Mud spring, near preceding spring 
Mud Volcano | 86.6 | 187.8 | 23.0 75 Source of flow inaccessible 
Dragon’s Mouth. . 70.8 | 170.2 | 30.6 87 Source of flow inaccessible 
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The location of the geyser and spring localities in the Park is 
shown on the map, Figure 1. 


COMPARISON OF DATA OF OBSERVATION 


Table II is a comparison of observed temperatures by four 
different observers. Hayden’s maximum value of 165° F. at the 
Mammoth Hot Springs is 3.4° F. in excess of my maximum value of 
161.6° F. The difference is so small that no particular significance 
can be attached to it. The higher temperatures obtained by 
Schlundt and Moore in the Excelsior Geyser and by Gooch and 
Whitfield in both the Constant and Excelsior geysers are probably 
due to the selection of different points in these large pools for the 
tests. The temperature of the Constant Geyser undoubtedly varies 
between eruptions. My observed values exceed those of the other 
observers in the remaining eighteen observations. This result 
might perhaps be interpreted as an increase in the temperature of 
the rocks from which the waters obtain their heat. The methods 
and conditions of measurement, however, seem to me to preclude 
such an inference. The agreement of the observed temperatures 
in Old Faithful Geyser is of marked significance. 

In the years 1553 and 1884, the late Professor W. H. Hallock 
made a detailed study of the temperatures in the Giantess Geyser. 
An unpublished report prepared for the United States Geological 
Survey contains the statement that the temperature of the water at 


the surface varies from go° C. (194.0° F.) to 93°C. (199.4° F. 





Another statement is to the effect that the temperature at the sur- 
face sometimes rises 1.2° F. above the normal boiling-point of 199° F. 
The latter value of 200.2° F. is in close agreement with my 
observed value of 200.7° F. at a depth of about 12 inches, due 
account being taken of Professor Hallock’s value of 0.70° F. for the 
rate per foot at which the temperature increases with the depth near 
the surface of the water. The fact that the difference between the 
two readings is only 0.2° F. is probably accidental as a variation of 
0.5 inch in the height of the barometric column produces a change 
of about 1° F. in the boiling-point. Furthermore, Professor Hallock 
found an excess of 0.9° C. (1.6° F.) by boiling water from the geyser 
in a metal vessel. 
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Yellowstone National Park. Scale, 1 inch=7 miles or 1 cm=2.8 miles (approx.) 
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Fic. 1.—Outline map showing the principal geyser and spring localities in the 
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TABLE II 
COMPARISON OF OBSERVED TEMPERATURES 
—— SCHLUNDT) persent 
HAYDEN | Wan a PAPER 
Moore 
FIELD 
NAME a REMARKS 
18 8 | 1883-8¢ 1906 192 
I I F F. 
Mammoth Hot Springs 
None 92-162] 137.0-| 89.6 160. 2—| Hayden report 1872 
152.0 159.8 101.60 
None 63-165 Hayden report 1878 
Norris Geyser Basin 
Constant Geyser 197.6 188.1 | The thermometer used by 
Schlundt and Moore was 
not self-registering 
Fearless Geyser 190.4 199. 6 
Porcelain Basin 123.8-| 190.0 
152.0 194.0 
Clepsydra Geyser 19 197.3 
Excelsior Geyser 197.6 | 197.6 | 193.3 
Jet Geyser 195 199.6 
Upper Geyser Basin 
Bulger 189 199.0 
Giant Geyser 194 202.7 
Giantess Geyser 199 190.4 200.7 
Grotto Geyser 198 201.0 
Handkerchief Pool 179.6 | 183.4 
Oblong Geyser 105 201.8 
Old Faithful Geyser 200 183.2-| 190.4 | 200.1 | Gooch and Whitfield ob- 
190. 4 served temperature of 
water which had collected 
| in pools on the surface of 
| the ground at Old Faith- 
ful Geyser 
Saw Mill Geyser 176-185 192.1 
Spasmodic 193 201.2 
Splendid Geyser 199.4 | 199.9 | 
Vault 17 181.9 | 
Thumb 
Fishing Cone 160 170.4 
Paint Pots 132-190 1990.5 
Springs near Yellow 
stone Lake.. 130-191 185.8 
" 1909.5 

















COMPARISON 
THEORETICAL 


point for any desired elevation. 


t Smithsonian Institution, 
ton, D.C., 1918. 
, , 








rABLE 


RELATION BETWEEN THEORETICAL BorILING-POINT AND 


BOILING-POINT 


Ill 





sonian Meteorological Tables,”* 1918. 
Smithsonian Misc. Coll., Vol. LXIX, No. 1. Washing- 
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OF THE OBSERVED TEMPERATURES WITH THE 


Table III gives the elevation as a function of the boiling-point. 
It is an auxiliary table for use in interpolating the theoretical boiling- 


ELEVATION ABOVE SEA-LEVEL 
MEAN TEMPERATURE OF AIR 
LATITUDE 44-45 
THEORETICAL BouLING-PoINT a eee 
(°F.) F 80° F 
Elevation Feet | Elevation Feet 

185 15,35! 16,352 
186 14,755 15,740 
187 14,1600 15,113 
15d 13,570 14,452 
1d9Q 12,950 13,551 
1gO 12,393 13,225 
Ig! 11,809 12,001 
192 11,224 | 11,077 
193 10,042 11,357 
194 10,005 10,741 
195 9,487 10,12 
190.. 5,Q12 9,510 
197 8,337 8,898 
195 7,705 5,250 
199.. oe os 7,195 7,082 
oo. | 6,032 7;°77 
201 — 6,003 0,475 
202 jaan 5,502 5,872 
203 , 4,942 53273 
204. wee eee 7 4,33 4,077 
205 3,828 4,085 
200 3,270 3,490 
207 2,718 2,900 
205 2,166 2,310 
209 | 1,017 1,725 
210 +1,009 +1,142 
211 + 523 + 559 
212 = 19 a 20 
213 — 501 — Oo: 


The table is based on the ‘“* Smith- 
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The boiling-point of the water at the surface of a spring is of 
course controlled by the pressure actually existing at that surface, 
and therefore fluctuates with the barometer. A change of 1 mm. of 
mercury height corresponds to 0.037° C. or 0.067° F. in the boiling- 
point. This variation is superposed upon the differences in the 
normal boiling-point which accompany differences in elevation. 
Under constant weather conditions, such as may exist for several 
days at a time, the variations in boiling-point over an area such as 
the Park are due principally to the differences in elevation of the 
springs above sea-level. 

Table IV is a comparison of the observed temperatures with the 
theoretical boiling-points of pure water interpolated from Table III. 
According to Tables 58 and 73 of the 1905 edition of Landolt and 
Boérnstein’s Physikalisch-Chemische Tabellen, the addition of 14.78 
gm. of sodium chloride to 100 gm. of water raises the boiling-point 
2.4° C. (4.3° F.) when the boiling-point of pure water is 200° F. It 
appears from this result that the elevation of the boiling-points in 
the springs and geysers due to dissolved constituents is a negligible 
quantity, for the amount of dissolved solids reported by Gooch and 
Whitfield’ from the areas in which my observations were made varies 
from 268 to 1,869 parts per million; the corresponding elevation of 
the boiling-point must therefore be a small fraction of a degree, 
certainly less than o.5° F. As the elevations are not known with 
certainty, two values have been selected with the object in view of 
establishing upper and lower limits between which the true values 
must fall. An excellent check on my interpolations from the map 
has been supplied by C. H. Birdseye, Chief Topographic Engineer 
of the United States Geological Survey, who placed some unpub- 
lished records of elevations at my disposal. With the exception of 
the data on Beryl Spring, all of the data tabulated in the remarks 
column, Table IV, have been supplied by Mr. Birdseye. His value 
at the Mammoth Hot Springs is slightly less than my minimum 
value, but the difference is so small that the resulting evaluations 
are the same. 

tOp. cit. See F. W. Clarke, ‘Water Analyses from the Laboratory of the 


United States Geological Survey,”’ U.S. Geol. Survey Water-Supply Paper 364, pp. 


17-24, 1914. 
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TABLE IV 


THEORETICAI 


OBSERVED 
TEMPERATURE 


From 160 
to 101 


1rOo1r.6 


From 1Q7 
to 200.3 


190.0 


From 1097.3 
to 202 \ 


From 196.3 
to 205.1 


From 197.1 


to 20 2 


From 184.8 
to 157.9 


THEORETICAL 


IN( 


POINT 


ME AN AIR 


TEMPERATURE 


195 


195 


Mammoth Hot Springs 
I 


a) 


105.5 


IQQ 


108.5 


105.5 


198 


195 


8) 


201.3 
201.1 
O1.4 


AVERAGI 
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Norris Geyser Basin 


100.5 
199.3 
199.0 


199 


100 


~ 


Lower Geyser Basin 


1990.5 
1909.0 


190 


3 


Upper Geyser Basin 


199.0 
a 190 

199.5 
199.0 1990 

Thumb 

199.90 
198 

198.8 


Mud Geysers 


199.0 
1905.5 


195 


I 


> 


~) 


5 





COMPARISON OF OBSERVED TEMPERATURES WITH 
BorLInGc-PoInts 


REMARKS 


Elevation of sign post near 
Devil’s Thumb, 6,264 
feet 





Elevation of sign post at 
Norris Junction, 7,463 
feet 

Elevation marked on post 
at Beryl Spring, 7,296 

feet 








Elevation of threshold of 
main entrance to Foun- 
tain Hotel, 7,245.59 feet 


Elevation of sign post near 
Old Faithful Geyser, 
7,341 feet 


Elevation of sign post at 
junction of roads at 
West Thumb, 7,773 feet 
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The terraces are at a considerable distance above the base of 
Devil’s Thumb, consequently my minimum estimate of 6,300 feet 
elevation for this region must be sufficiently accurate for the purpose 
intended. All of the remaining elevations contained in Mr. Birds- 
eye’s list fall between the upper and lower limits which I have 
adopted. The fourth and fifth columns of Table III thus give the 
limiting boiling-points for both elevation and temperature of air 
column. An average of the four quantities thus tabulated must give 
a very close approximation to the true boiling-point. These quan- 
tities are given in column six. 

A comparison of these theoretical values with the observed shows 
that the temperatures of a great number of the springs and geysers 
at Norris Basin, Thumb, and the Lower and Upper Geyser basins 
are a little lower than, equal to, or slightly higher than the tempera- 
ture of the boiling-points at the respective localities. The tem- 
peratures in the Mammoth Hot Springs are 40°F. below the 
boiling-point; in the Mud Geysers, 11° F. below. 

It is impossible to obtain correct readings in Mud Volcano and 
Dragon’s Mouth. The true temperatures there are undoubtedly 
above the boiling-points although the temperatures in small springs 
in the immediate vicinity are quite low in comparison with the tem- 
peratures in similar outlets in other parts of the Park. 

Some of the springs and geysers discharge into large pools. The 
temperatures of these flows are obviously too low. In some of them, 
the water is agitated so violently that it is impossible to obtain a 
correct reading with a maximum thermometer. Beryl Spring, about 
5 miles southwest from the Norris Geyser Basin, and a spring near 
the highway at Thumb, known by the Rangers as Tom Thumb, are 
good examples of this kind of thermal activity. 

According to my observations and computations, the tempera- 
ture of the steam discharged from Old Faithful Geyser is 0.9° F. 
above the boiling-point. Hayden obtained a difference of 1.0° F. 
My values, 203.1° F. in Topaz Spring and 205.1° F. in the Tortoise 
Shell at the base of Castle Geyser, both in the Upper Geyser Basin, 
are abnormally high. My results may be in error although there 
are no indications that such is the case. The abnormal values may 
be attributed, possibly, to superheated steam or to some of the 
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numerous anomalies to which the boiling-point is subject—such as 
the variation in barometric pressure, the removal of dissolved air by 
continuous boiling, and numerous other causes.. The removal of 
dissolved air, for example, may raise the initial boiling-point of a 
body of water to more than 270° F. 

Peale? states that a number of his observed temperatures are 
above the boiling-point. A temperature of 209° F. was found in a 
sputter hole of the North Group of the Shoshone Geyser Basin. 

Professor Hallock found from an extended series of observations 
that the temperature of a spring near the Giantess Geyser was 
usually 1.35° C. (2.4° F.) higher than the theoretical boiling-point. 
Springs of this kind are easily recognized by their peculiar surfaces 
and by the small bubbles of steam that rise singly to the surface and 
burst after a lapse of time. As these springs are in a state of unstable 
equilibrium, violent ebullition is induced, oftentimes, apparently 
without any cause. A small stick or a few grains of sand thrown 
into the pool will start the boiling process. As soon as boiling begins 
the temperature drops to normal. A very small gust of wind is 
frequently a sufficient cause, but a cold wind may prevent boiling 
altogether. 

CAUSE OF FLOW IN SPRINGS AND GEYSERS 

Flow in springs which have temperatures below the boiling-point 
is supposed to be caused by convection, hydrostatic pressure, and 
possibly by the pressure of confined gas or gas developed in 
small quantities by chemical reactions. Certain flows in Norris 
Geyser Basin may perhaps be attributed in part to gas pressure 
for the reason that the discharge from Black Growler apparently 
consists of gas other than water vapor which is discharged under 
considerable pressure. No water flows from this outlet. 

The mechanism of geyser discharge was explained in a general 
way by Bunsen, who based his deductions on his observations of 
temperatures in the Great Geyser of Iceland. Observations were 
made to a depth of about 80 feet in the geyser tube. The observed 

*See Thomas Preston, The Theory of Heat. Section II, ‘Evaporation and 
Ebullition.” Third ed., by J. R. Colter. New York: Macmillan Co., 1919. 

2F. V. Hayden, op. cit., p. 422 and p. 285, report of 1878. 


3 F. V. Hayden, op. cit.. pp. 418-421, report of 1878. 
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temperatures approached the boiling-point at a depth of about 4o 
feet. Bunsen inferred from these observations that hot water rises 
gradually from great depths in the geyser tube until it reaches a 
point where the pressure is sufficiently released to produce boiling. 
Bunsen believed that the construction of a sinter cone or any other 
process that raised the level of the water at the mouth of the geyser 
would ultimately produce sufficient pressure to prevent the forma- 
tion of steam and thus cause a geyser to be transformed into a spring. 
Jaggar' has shown by detailed experiment that Bunsen’s conclusion 
is not necessarily correct. He proves that it is possible to have two 
kinds of discharge, continuous and spasmodic, each operating under 
the influence of hydrostatic pressure. The flow of hot water is 
continuous and no steam is developed until the sinter cone reaches 
a certain height; at this point sufficient pressure is produced to 
confine the steam. An explosion ultimately results, ejecting large 
volumes of water and steam. 

The two types of discharge are illustrated in the sketches A and 
B, Figure 2. Sketch A represents a geyser of the Excelsior type in 
which water from source ()) is discharged continuously at the lower 
level (a) after being heated by the hot rocks at great depths. In the 
Old Faithful type of geyser, Sketch B, the outlet (d) is higher than the 
source (b). The additional force required to lift the water through 
the vertical height (dd) is provided by the development of steam at 
some point (/), Sketch B, either by release of pressure in the ascend- 
ing water column or by the addition of heat due to convection in case 
the column stands temporarily at a fixed level such as (e), Sketch B. 
Jaggar shows that it is possible to have a continuous flow with a 
reversed head, a condition brought about by first establishing con- 
tinuous flow, Sketch A, and then gradually lowering the hydrostatic 
level of the source (}) to (c) until it is a little below the level of the 
outlet (a). A delicate balance between thermal and hydrostatic : 
forces is thus introduced as a result of the velocity head due to con- 
vection, and the diminished density of tHé rising column of water. - 
Further lowering of the source (c) causes ebullition followed by an 
eruption of extraordinary violence. The eruptions, once started, 

«T. A. Jaggar, “Some Conditions Affecting Geyser Eruption,” American Journal 
of Science (4), Vol. V (1898), pp. 323-33- 
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continue so long as hydrostatic conditions remain unchanged. It 
is thus possible for a continuous flow to become intermittent and 
vice versa. Under natural conditions, changes in hydrostatic level 
are brought about by variation in mean level of ground water, by 
construction of cones, and by formation of new outlets. 

Unless steam is developed so slowly at the lower levels that it can- 
not lift the water column, or unless the vent is so large that thermal 
equilibrium is not attained throughout its cross-section, the trans- 
mission of heat by convection must be a negligible quantity, as I 
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Fic. 2.—Diagram to illustrate two types of discharge in geysers and hot springs 


have found no evidence of convection in deep wells whose diameters 
do not exceed 8 inches: a transverse section of the water column 
merely acquires the temperature of the rocks at that level. In 
steady flow, a steady thermal state is established between the water 
column and the adjacent rocks. A reduction in the velocity of the 
water increases the rate at which heat is transferred from the rocks 
to the water; conversely, an increase in the velocity diminishes the 
rate: the first condition tends to add to the reversed head described 
by Jaggar, the second to reduce it. Both effects are evidently 
eliminated in the course of time by a return to constant discharge. 
Professor Hallock’s elaborate observations in the Giantess Gey- 
ser established the fact that the temperatures of the water between 
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the depths of 30 and 60 feet fluctuate over a range of 5° C. (9.0° F.); 
furthermore the temperatures diminish with depth between the 
limits 45 and 60 feet. He concludes that there is a reservoir between 
the depths of 30 and 60 feet which is filled from a side entrance lead- 
ing to a much larger reservoir at an assumed depth of about 250 feet. 
The water in the large reservoir is heated gradually to the boiling- 
point at that level when a preliminary eruption releases the pressure 
sufficiently to develop a considerable quantity of steam. The 
erupt on thus initiated continues until the reservoir is practically 
exhausted. 


DEPTH TO THE SOURCE OF THE EXTRANEOUS HEAT 
IN THE THERMAL WATERS 

The extraneous heat in the springs and geysers in Yellowstone 
National Park is undoubtedly due to intrusive lava masses. The 
depth at which the intrusives are located does not seem to be capable 
of very accurate determination. Schlundt and Moore' state that 
not more than 1 per cent of the heat required to produce the 
hydrothermal activity in the Park at present can be attributed to 
the radium content of the rocks in contact with the waters. The 
only remaining possibilities of a radioactive source are heat devel- 
oped at very great depths, either at present or in the remote past. 
Pirsson and Schuchert? believe the source of the heat to be deep 
seated as evidenced by the hot springs and geysers on the shore of 
Yellowstone Lake, an immense body of cold water, 300 feet in depth, 
but bearing no trace of excess heat. Hague’ reaches the conclusion 
that the superheated waters are situated only short distances below 
the surface. He says: 

The thermal waters of the Yellowstone National Park are characterized by 
frequent variations of temperature, progressive transitions in chemical compo- 
sition, lack of uniformity in mode of occurrence, and shifting in points of dis- 
charge; in other words, they lack the essential characters of primitive waters 
derived from deep seated sources. 

t Op. cit. 

?L. V. Pirsson and C. Schuchert, A Text Book of Geology, Part I, p. 220. New 
York: Wiley & Sons, rors. 

3 Arnold Hague, “The Origin of the Thermal Waters in the Yellowstone National 


Park,” Science, Vol. XX XIII (April 14, 1911), pp. 553-68; Bull. Geol. Soc. America, 
Vol. XXII (1911), pp. 103-22 
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As there are no deep wells in the Park, estimates of the depths to 
the heat sources must be based on temperature data obtained from 
springs and deep wells located in regions where lava flows and intru- 
sives abound. A region resembling to a certain extent the condi- 
tions in the Park is found at Thermopolis, Hot Springs County, 
Wyoming, at a distance to the southeast of about 130 miles. Table 
V contains temperatures in three hot springs at Thermopolis. The 

TABLE V 


TEMPERATURES IN SoME Hort SpriIncs AT THERMOPOLIS, WYOMING 





Bic Horn BLACK SULPHUR Watre SuLPHUR 
Observed Observed Observed 
Jepth - Deptt Jept . 
Dey Temperatures . ’ Iemperatures Depth | Temperatures 





Meters | Feet Cent Fahr Meters| Feet Cent Fahr Meters; Feet Cent. | Fahr. 

0.0 ) 7.2 44.9*| 0.0 ° 7.2 44.9*| 0.0 ° 7.21 44.9° 

0.6 2 56.2 133.2 3.0 | 10 54.90 130.9 | 0.2] o5 51.0 | 123.8 

0.6 2 56.3 133.4 | 3.0 | 10 54.8 | 130 dl bed bt-4 B-- I 123.9 

0.6 2 56.3 | 133-4 | 3-0 | 10 55-0 | 131.0 | 0.2] 0.5 | 51.2 | 124.2 

1.5 5 56.3 133.4 se aedae ee MME eset, Sotaee Ere 
| 





* Mean annual tempe ee inncepaianed from ( rw al Data, U.S. Weather Renee 
temperature of 133.4° F. in the Big Horn Spring, the hottest of the 
three, is approximately 28° F. lower than the temperatures in the 
Mammoth Hot Springs and about 70° F. lower than that of the 
springs and geysers in the remaining areas listed in Table I. A 
least-square adjustment of the data of the Garrett and McManigal 
flowing wells, Table VI (and VII), gives for the average gradient 
(b), the value 

b=0.1810° F. per foot. 


1/b=1° F. in 5.5 feet. 


Assuming this value of b, a mean annual temperature of 44.9° F., 
and an excess of soil temperature over air temperature of 1° F., the 
temperature of 133.4° F. is reached at a depth of 483 feet. The 
thermometers were lowered to the point of entrance of the water 
into the McManigal well; nevertheless the observed temperature 
may be too high on account of the possibility that the water perco- 
lates upward from greater depths. A more satisfactory estimate 
may be made from the data obtained from four non-flowing oil wells, 
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Table VIII, located on the Warm Springs anticline about 6 miles 

east of the Big Horn Spring. The wells range in depth from 895 to 

945 feet. The average gradient deduced from the four wells is 
b=0.04768° F. per foot. 


1/b=1° F. in 21.0 feet 


The corresponding depth to the source of heat in the Big Horn 
Spring is 1,835 feet. 

The preceding estimates are based on the assumption that no 
heat is lost by the water in transit from the source to the surface 
of the ground. The voluminous discharge of the Big Horn Spring 
no doubt justifies the assumption. My observations in the McMani- 
gal well, Table VI, show a loss of 1° F. in 370 feet. A considerable 


TABLE VI 


TEMPERATURES IN FLOWING WELLS AT THERMOPOLIS, WYOMING 


| 

F.S. McMAntcaAt Wett. Location, East Sive or} W. B. Garrett Wett. Location, West Sipe or 

Bic Horn River, anout } Mite NortTHwest ot Bic Horn River, aBout 1 Mite NORTHWEST OF 
Bic Horn Sprincs, THERMOPOLIS, WYOMING Bic Horn Sprincs, THERMOPOLIS, WYOMING 


} 





Gradient P Gradient 
Depth Temperature 7 | Dept! lemperature wa 
Meter Feet Cent Fahr F. per Foot Meters Feet | Cent Fahr F. per Foot 
| 
7-2 144.9*| b=o0 Ae 9.0 ° 7 44.9*| b=0. 1655 
3 I 49.6 | 121.3 | 1/b=4.8 144.8 475 | 51.4 | 124 6/1 b=6.0 
( I ) 19.0 121.3 144 Ss 475 51.4 124.5 
30 I 50.1 I 2 
39.5 I 419.9 121.8 
112.5 370 50.1 I ? 
112.8 I 2 
* Mean annual temperature interpolated from Climatological Data, U.S. Weather Bureau 


volume of water was being discharged when the test was made. 
Observations in flowing wells in various parts of the United States 
show that the heat loss is practically negligible for moderate or 
rapid discharge, but for very low velocities, the water acquires almost 
the temperature of the rocks at the different levels. The two depth- 
temperature curves of the deep well at Astoria, Oregon (Fig. 3), 
prove this point conclusively. The first curve (ab) was obtained 
from observations made when the discharge of water was very 
had been discontinued for 


small: the second (cd), after the flow 
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TABLE VII 
0 TEMPERATURE GRADIENTS IN FLowrnc WELLS* 
| 
Gravrent| PRO8-| 1/b 
No RANGE OF ar ABLE FEET PER °F 
CouNTY AND TOWN OF DEPTH EF ree ERROR - 
WELLS (FEET | rp) 
ooT) (1) (2) (3) 
| | 
n Colorado 
54 273 55 30.5 290.9 30.5 
0 15 102 | 339 | 47-6 | 44.6 | 45.7 
1s I 2024 | 12s 19.4 s1:.0 50.90 
‘e ce 8 I 3021 146 | 33.1 31.1 32.1 
I ; 50 18 18.2 | 18.2 
o 1 I I 13.3 | 13-3 | 13-3 
5 vse I > 34.8 | 34.8 | 34.8 
i- Otero 13 1,113 93 35.1 30.0 | 37.2 
Pueblo illey 1,40 II $5.7 42.5 3 
. Rio Grande, Del Norte I 5 45.0 45.0 5 
C Saguache, San Isabel? I 126-800 ) 158 32.7 
Idaho 
_ Ada, Boise { 424 ) 12.7 | 10.1 | 11.3 
Canyon, Na I 114 > 12.5 12.5 2.5 
Elmore, Cleft I 19.2 | 19.2 | 19.2 
Lincoln, Bliss 1 8 ° 25.8 | 25.8 | 25.8 
Nez Perce, Lev I I > 24.7 15.7 20.9 
Owyhee, Centr 11 1¢ I ° 17.5 
Montana 
t Custer, Miles City I ‘ ©.02610 38.3 | 38.3 38.3 
Flathead, ‘I N., R. 23 W rl y 0-20083 2,43 5.9 6.0} 6.0 
: Sanders, T N., R. 24 W 6 | 52-27 ©.11050 |1,530 | 9.0 7.8} 8.4 
. | al ee i i Sas 
Oregon 
a en 
Harney, Andre 150 0.23778 |2,522 4.0% 3.2 3.2 
| 
Utah 
Beaver, Milfor 14 I 9.05644 33 17.7 15.9 15.3 
. Washington 
5 
r Walla Walla, W W It 97 49 | 47-7 | 47-5 | 47-6 
Yakima, T. 12 N., R W 8 12-88 ).02932 11 4.2 
t se ae) Ae roy 
Wyomingt 
Hot Springs, Thermopol 175 18096 (1,340 5-5 5.4 5-5 
, * N. H. Darton, “Geothermal Data of the United States,” U.S. Geol. Survey Bull. 701, 1920. 
t Other towns included 
r t Observations by the author 




















TEMPERATURE GRADIENTS IN MINES AND Non-FLow1nc WELLS* 


County AND Town 


Las Animas, Trinidad 
Washington, Akron 


Deerlodge, Anacondat 


Nye, Tonopah 


Storey, Virginia City 


Park, Meeteetse 
Weston, Cambriat 


Clatsop, Astoria 
Harney, Burns 

Jackson, Medfc d 
Klamath, Klamath Falls 
Malheur, Vale 


Carbon, Rawlins 

Carbon, Rock River 
Converse, Big Muddy 

Hot Springs, Grass Creek 
Hot Springs, Warm Springs 
Natrona, Salt Creek 
Niobrara, Lance Creek 

* N. H. Darton, op. cit 


t This and following o 
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TABLE VIII 
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? see ERROR 
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Foor) rh! | 





Colorado 
©.02247 


©.02090 


Montana 


02140 120 
Nevada 

3 134 

35 Is 





1786 
0.01087 581 
Coloradot 
02252 29 
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rT, 
1s 
O05 00 
> 5 $37 | 
| 
049073 
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several weeks. A small flow of gas vitiates the results slightly, 
but the curve (ab) which represents the distribution of temperatures 
in the flowing water approximates very closely to the curve (cd) 
which represents the true temperatures of the rocks. Observation 
thus proves that the temperatures at the outlets of flowing wells and 
springs are dependent upon the velocity of flow; with a sufficiently 
high velocity, the depth-temperature curve (a’b) is practically par- 
allel to the axis of depth, whereas with a very low velocity the tem- 
perature of the flowing water, curve (ab), differs but slightly from 
the temperatures of the rocks (cd). The maximum temperature 
attainable is the temperature of the source; the minimum 
approaches the mean annual temperature of the air at the point of 
observation; and any temperature falling between these upper and 
lower limits is a possibility. 

In order to establish a more comprehensive basis for estimation of 
depth to the source of heat in Yellowstone National Park, the tem- 
perature gradients in mines, and in flowing and non-flowing wells 
have been summarized in Tables VII and VIII. 

A complete report on the observations will be given in another 
publication. The gradient (0) in column (5) of the tables has been 
computed from the formula, 





AV: +x,AVat .... XnAv, SAY 
6=—— es : =. (1) 
trie 60s « & ax? 
wherein 
x= depth in feet. 
Ay=(observed temperature at depth x)—(mean annual temperature of 


air+1° F.) 
b=gradient expressed in degrees Fahrenheit per foot. 
1/b=reciprocal gradient expressed in feet per degree Fahrenheit. 
r5= probable error of 0. 
n=number of observations. 


The quantity 1° F. is added to the mean annual temperature of 
the air in order to correct for the emissivity of the Earth’s surface. 
The validity of this correction is to be discussed in a subsequent 
publication. 

Formula (1) is based on the assumption that the increments in 


temperature (Ay) are of equal weight. My observations justify 
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this procedure since the error of an observation, say at 3,000 feet, 
does not differ materially from that at any other depth. Other 
investigators, however, have assumed that the gradients (6) instead 
of the increments in temperature (Ay) were of equal weight, and in 
some instances it has been assumed that the weights of the gradients 
are proportional to the depths. These two assumptions and the 
preceding assumption of equal weights are contained in the general 





formula 
a PiXiAyit prvAvet . ~~ + PutnAvn 2 pxdy 
Ptr tPetet ... + Pate > px 
in which P,, p., . . . . px are the respective weights of Ay,, Ay,, 


. Aye. Substituting 
p=p=. - + =p,=!1, 


we obtain equation (1). Making the substitutions 


I = » I 
Ps i Pa = - £ 
I I pis I 
pi “,? Pp x,’ n t,? 


Avr, Aye, Avy >’ 
‘ x x x 
b=— t= (2) 
n n 
Ayv,tAv.t ....Av, ZAv 
b = = en (3) 
MitXt 2... My 2x 


Equation (2) represents the condition that the gradients, » in num- 
ber, are of equal weight while equation (3) represents the condition 
that the weight of each gradient is proportional to the depth. The 
values of 6 have been computed from each of the formulas (1), (2), 
and (3). Their reciprocals (1/6) are tabulated in the columns 
designated (1), (2), and (3) in Tables VII and VIII. Ordinarily 
the differences between the values obtained by the different methods 
of computation are not large, but a number of rather marked 
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exceptions will be found in the tables. The magnitude of the differ- 
ences varies somewhat irregularly with the probable error (r5) of 
the gradient. The values of (7;) tabulated in column 5 are the 
probable errors of the gradients tabulated in column 4. 

Following are average gradients and their probable errors com- 
puted from all of the original observations on which Tables VII and 
VIII are based. Formula (1) was used in making these computa- 
tions. 


FLOWING WELLS 


163 observations, b=0.03413 0.00182 1/b=29.3 
159 Observations, b=0.03226+0.00126 1/b=31.0 
154 observations, b>=0.03189+0.00084 1/b=31.4 


MINES AND NON-FLOWING WELLS 


57 observations, b>=0.02389+0. 00060 1/b=41.9 
31 observations in 7 oil fields of Wyoming, 
b=0.02358+0.00078 1/b=42.4 
26 observations exclusive of oil fields in Wyoming, 
b=0.02447 =0.00094 1/b=40.9 
25 observations exclusive of oil fields in Wyoming, 
b=0.02395 +0.00083 1/b=41.8 


MINES AND FLOWING AND NON-FLOWING WELLS 


220 observations, b=0.02600+0.00066 1/b=38.5 
216 observations, b=0.02560+0.00052 1/b=39.1 
} 


211 observations, b=0.02531 0.00045 1/b=30.5 

Nine observations were ultimately rejected in accordance with 
Chauvenet’s criterion in the first and last groups; one in the middle 
group. Comparison of the values of 0 in the different groups shows 
that the largest values of 6 are obtained from flowing wells. This 
result may be accidental or it may be due to some peculiar char- 
acteristic of flowing wells such as the rise of water from greater 
depths. 

Estimates of the depth to the heat source in Yellowstone 
National Park based on the preceding values of the gradients are 
susceptible to an error which is peculiar to regions of intrusives and 
extrusives. A typical depth-temperature curve in regions of lava 
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flows is shown in Figure 4. We have here a combination of very 
steep and very flat gradients with abrupt changes from one to the 
other in marked contrast to the exceptionally uniform curve (cd) 
of the Astoria well shown in Figure 3, which is a typical depth- 
temperature curve in sedimentary rocks uninfluenced by lava flows. 
The two values of 1/6, 66.5 and 59.9, prove conclusively that the 
curve is convex to the axis of depth. 

Nearly all of the curves in regions of sediments possess this 
characteristic; practically none of them is concave to the depth 
axis. The extension of a straight line passing through points in the 
lower portion of these curves therefore falls below the observed 
points at greater depths, consequently estimates of temperatures 
at greater depths from gradients evaluated from observations at the 
upper levels (near the surface) are nearly always too low. The 
extension of our computed distribution of temperatures to greater 
depths is therefore amply justified if we are dealing with sedimen- 
taries remote from volcanic activity; but it is evident that no such 
reliance can be placed on the irregular curve of the Burns well shown 
in Figure 4. Extension of the straight line (ad), Figure 4, may be 
justified, however, for two reasons. 

First, the value of the gradient b=0.02513, 1/b = 39.8, obtained 
by comparison of the interpolated mean annual temperature with 
the observed temperature at the lowest point of observation differs 
but slightly from the value b=0.02531, 1/b=39.5, found from 
observations in 211 mines and flowing and non-flowing wells. 

Second, the high temperatures found in two flowing wells at 
Vale, Malheur County, Oregon, about 100 miles to the northeast, 
suggest the possibility of high temperatures at moderate depths. 

Each of the Vale wells is about 60 feet in depth and is located 
at the base of a basalt ridge. A temperature of 199.5° F. was found 
at the Vale Naturium; 201.6° F. at the Vale Sanitarium. The two 
wells were estimated to be about 1,000 feet apart. The observed 
temperatures are too low as it was impossible to place the thermome- 
ters within several feet of the outlets. The gradient in a non-flowing 
well near Vale, Table VIII, is 6=0.04973, 1/b=20.1. Mention 
may be made also of the average gradient in three non-flowing wells, 
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Table VIII, near Klamath Falls, Klamath County, Oregon. The 
average value is b=0.03725, 1/b=26.8. A temperature of 186° F. 
was found in a hot spring located about 1,000 feet north of the White 
Pelican Hotel at Klamath Falls. The observed temperature is 
several degrees too low as the point of observation was 20 feet or 
more distant from the outlet at the surface. Further evidence of 
extraneous heat in this region is provided by the fact that consider- 
able heat has been conducted to a house on Pacific Terrace, Klamath 
Falls, by circulating water through a coil which had been buried in 
the earth to a depth of about 25 feet. 

Summarizing the evidence—if we assume that the source of the 
heat in the Park is not necessarily magmatic, but is due to heat 
retained in lava flows such as those found at Burns, Oregon—the 
value of the gradient )=0.02513, 1/)=39.8, found at Burns, and 
the almost identical value, b=0.02531, 1/b=39.5, deduced from 
211 observations in mines, and flowing and non-flowing wells, 
located chiefly in the adjacent lava-bearing areas, would seem to 
provide a sufficiently conservative basis for estimation of depth to 
the heat source. Moreover, the value, 6=0.02389, 1/b=41.9, de- 
duced from 57 mines and non-flowing wells, many of them in sedi- 
ments somewhat remote from volcanic activity, provides further evi- 
dence that the assumed value, ) =0.02531, 1/b= 39.5, is a conserva- 
tive estimate for the gradient in the Park; the corresponding value 
of the depth is to be regarded as an approximation to a maximum. 
On the other hand, the extraordinary temperatures found at Ther- 
mopolis, Warm Springs, Lance Creek, and Salt Creek, Tables VII 
and VIII, provide a basis for estimation of a minimum depth. The 
reciprocal gradients, 35.1 and 34.6, deduced from the observations 
respectively at Lance Creek and Salt Creek, do not differ very 
greatly from the assumed value, 39.5, but the values 5.5 and 21.0 
found at Thermopolis and Warm Springs are marked exceptions. 
Not much significance is to be attached to the value 5.5, but the 
value 21.0 is deduced from excellent observations and provides the 
only substantial basis available for estimation of a minimum depth, 
unless perhaps we adopt the value 31.4 deduced from 154 flowing 
wells. 
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Estimates of the depth to the heat source may now be made by 
reference to Figure 5. The boiling-point of water at the surface of 
the ground in the Park is taken at 200° F. under an atmospheric 
pressure of 11.5 pounds per square inch. Curve BCDE represents 
the boiling-point of water at given depths in the water column. The 
temperatures were interpolated from the steam tables of Marks and 
Davis." The pressures were computed from the formula, 


pressure (lbs. per square inch) =11.5+0.434X height of water col- 
umn (feet). 


The critical temperature, 689° F., is found at a depth of about 6,765 
feet; below this point water exists as a vapor for a temperature 
equal to or greater than 680° F. 

Line AC represents a linear distribution of temperatures on the 
basis that 1/b = 5.5, the value obtained from the two flowing wells near 
the Big Horn Spring, Thermopolis. The point C corresponding to a 
temperature of about 570° F. at a depth of about 2,950 feet repre- 
sents a probable minimum depth at which steam can be generated 
by immediate contact of the water with the rocks. The curve 
CDE then represents all such points. There is no reason, however, 
for believing that these extreme temperatures are to be found at the 
given depths in Yellowstone National Park. Referring now to the 
intersections of the lines AC, AD, with line B/, Figure 5, we find the 
depths at which water can be heated sufficiently to produce ebulli- 
tion at the surface on the basis that no heat is lost in transit from the 
source to the surface of the ground. The summary in Table IX 
includes these values and the additional values based on the assump- 
tions that the reduction in temperature between the source and the 
surface is 50° F. in one case and 1oo° F. in the other. 

Inspection of Table [X and Figure 5 shows that a depth to the 
heat source equal to or exceeding 8,000 feet is rather improbable. 
The heat source at this great depth is not necessarily laccolithic; 
the heat may be derived from rocks which are spread over a consid- 
erable area in the drainage basins shown on the map (Fig. 1) and in 
which the depth-temperature curves are irregular, like that shown 
in Figure 4, but in which the increase in temperature is somewhat 

*L. S. Marks and H. M. Davis, Tables and Diagrams of the Thermal Properties of 
Saturated and Superheated Steam. Longmans, Green & Co., 1910. 
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more rapid than that found in some of the adjacent sedimentary 
areas. As previously stated, the value 1/b=21.0 provides a sub- 
stantial basis for estimation of the minimum depth at which the 
heat can be obtained. Reference to Figure 5 or Table [IX shows that 
the values may be of the order of magnitude of 3,400 or 4,500 feet. 
The gradients in certain flowing wells in Colorado, Idaho, Montana, 
Oregon, Utah, and Wyoming, Table VII, suggest the possibility 
of reducing the minimum estimate to something like 2,000 feet, but 


TABLE IX 


EstrMATeED Deptus TO HEAT SOURCE 


Depru IN Feet ror A Reput 


I riON IN TEMPERATURE OF 
FEET REMARKS 
Per’ I 
I I I I 
5.5 806 1,172 1,448 | 2 flowing water wells at Thermopolis, Wyoming 
10.4 1,684 2,204 >,723 | Critical temperature curve 
21.0 3,400 4,448 5,407 | 4 non-flowing oil wells at Warm Springs, 
Wyoming 
31.4 83 6,651 8,219 | 154 flowing wells 
30.5 6,405 8,380 | 10,356 211 mines and flowing and non-flowing wells 
18.09 ,923 | 10,367 12,810 | 3 non-flowing oil wells, Grass Creek, Wyoming 
61.5 9,963 | 13,036 | 16,109 | 3 non-flowing oil wells, Rock River, Wyoming 


the evidence of the Burns well, Figure 4, tends to show that these 


curves cannot be extended with certainty to greater depths. 


SUMMARY 


The maximum thermometer is not a very satisfactory instru 
ment for measurement of temperatures in springs and geysers, since 
the agitation of the water and the rapid cooling of the bulb tend to 
disturb the mercury column. A thermocouple or an electrical 
resistance thermometer would obviate these diffi ulties, but, judging 
from Professor Hallock’s experience, the construction of insulation 
for the leads that will withstand the dissolving action of the hot 
waters may prove to be a rather formidable task. 

lhe temperatures in a considerable number of springs and gey- 
sers at Thumb, Norris Basin, Lower Geyser Basin, and Upper 
Geyser Basin exceed slightly the boiling-point of water, 198.5 to 


199.3° F., at the respective localities. Ordinarily the excess tem- 
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perature does not exceed 3 or 4° F.; an exception is to be made, 
however, in the case of the Tortoise Shell Spring at the base of 
Castle Geyser in which the excess may perhaps reach 5 or 6° F. At 
Mammoth Hot Springs, the temperatures are about 40° F. below 
the boiling-point; at Mud Geysers, about 11° F. below. 

The minimum depth at which water can be heated sufficiently 
to produce boiling at the surface of the ground in the Park is esti- 
mated to be about 3,400 feet, while depths to the heat source in 
excess of 8,000 feet seem rather improbable. These estimates are 
based on the evidence afforded by temperature tests in 154 flowing 
wells, 8 mines, and 49 non-flowing wells, located chiefly in lava- 
bearing areas immediately surrounding the Park. 

By reference to curve BCD, Figure 5, it is readily seen that unless 
the temperatures at depth are extraordinarily high, and the ascent 
of the water quite rapid, steam is developed in the rising column of 
water at depths which are less than something like 300 feet from the 
surface of the ground. 

The behavior of the springs and geysers in the Park has been 
satisfactorily explained by Dr. T. A. Jaggar on the basis of convec- 
tion currents and artesian flow of water which has its source in the 
adjacent mountains. 
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FOOTPRINTS IN PENNSYLVANIAN SANDSTONES 
OF COLORADO 


JUNIUS HENDERSON 
University of Colorado 


ABSTRACT 


This paper names and describes amphibian tracks of an hitherto undescribed 
form from the Lyons sandstone of Colorado; mentions some arthropod tracks, and 
discusses the age of the formation and the conditions of sedimentation. 


Footprints have long been known in the tlagstone sidewalks of 
Boulder, Longmont, and Denver, in Colorado, but they have been 
barely mentioned and nowhere described in the literature of the 
region. The flagstones were obtained from quarries in the Lyons 
formation, at Lyons, Colorado. As cement walks are rapidly 
replacing the old stone walks, and much of the flagging has been 
broken up for other purposes, the majority of the tracks are lost to 
science. The rock is not quarried very much now, and, as it 
requires a large amount of quarrying to produce a small number 
of specimens, the prospect for additional or better examples is not 
good. Most of the tracks are very imperfect, but a few are rather 
good. In the University of Colorado Museum are four of the best 
examples the writer has seen, which form the basis of this paper. 

The Lyons sandstone was fully described by Fenneman in his 
bulletin on the Boulder area. It is a thin-bedded, rather fine- 
grained, hard quartz sandstone, with siliceous cement, highly 
cross-bedded. At Lyons and for many miles to the north and south 
no fossils except tracks have been found in either the Lyons sand- 
stone or the underlying Fountain or overlying lower Lykins for- 
mations. Until within a few years all three formations have been 
considered of marine origin.‘ Recent investigations and a recon- 
sideration of the character of the materials composing the forma- 
tions, the cross-bedding, drying-cracks, ripple-marks and other 

tN. M. Fenneman, U.S. Geol. Survey Bull. 265, 1905, pp. 54-61. Junius Hender- 
son, Colo. Geol. Survey, First Report, 1908, pp. 180-81. 
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phenomena, have led several geologists to the belief that all or a 
considerable part of all three formations from the Cache la Poudre 
River southward, including the Lyons district, is of non-marine 
origin.' However, north of the Cache la Poudre, limestones appear 
just below the Lyons sandstone and thicken rapidly to the north- 
ward, becoming very massive a few miles farther north, where they 
bear a marine Pennsylvanian fauna. Another late Pennsylvanian 
marine fauna occurs two hundred feet above the Lyons in the same 
district. These fossils establish the age of the Lyons as late 
Pennsylvanian. 





Fic. 1.—Tracks in a slab 37 inches long 


All of the vertebrate tracks seen by the writer are attributed to 
amphibians, probably of only one species. No bones have yet 
been found in the formation. The tracks are of interest because of 
the rarity of such phenomena in the Rocky Mountain region, as 
well as because they were probably not made by an animal of any 
species yet described. They do not at present throw any light 
upon the geological history of the region, though they may at 
some future time. Amphibian and reptile tracks are usually 
found in non-marine formations, but this is not universally true. 

These tracks do not seem to be satisfactorily referable to any 
of the ‘‘species”’ figured or described. While zodlogical classifica- 
tion based wholly upon footprints is of doubtful value, the prints 
are distinctive and may later prove of some value in geological 

t Vail, Science, N.S., XLVI (1917), pp. 90-03. Junius Henderson, Colo. Geol. 
Survey Bull. 19, 1920, p. go. A. J. Tieje, Jour. Geol., XXXI (1923), pp. 192-207. 
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correlation, in the absence of better evidence. For convenience of 
future reference it may be well to give them a specific name and 


tentatively assign them to a known “genus,” rather than erect a 
new one, which is accordingly done. 

Limnopus ? coloradensis, new species (Figs. 1, 2, and 3): Indi- 
vidual tracks twenty to twenty-five millimeters wide; toes fitted 
with claws, a not unusual condition for Paleozoic amphibians; 





Fic. 2.—Tracks in a slab measuring 6 X13 inches, selected as the type 


length of individual prints without toe-prints less than width, 
but too irregular and indefinite for satisfactory measurement; 
length of toe-prints about eight millimeters; toes less divergent 
than in L. vagus Marsh; usual stride, measured from toe-point to 
toe-point, seventy-five to eighty millimeters; track of hind foot 
seldom touching that of fore foot, usually approximately midway 
between. Figures 1 and 3 represent the normal stride, while 
the arrangement of the tracks in the slab represented by Figure 2 
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of suggests that the animal may have been creeping up a steep bank, 
id where travel was difficult. The distance between right and left 
a tracks is from twenty to thirty-five millimeters. No traces of 

marks produced by dragging the tail over the mud, such as appear 
i- in the trails of Nanopus caudatus and some other ichnolites, have 
d been observed. 





Fic. 3.—Tracks in a slab 2 feet long 


Type locality Lyons, Colorado, in the Lyons sandstone, of Penn- 
sylvanian age. 

From quarries in the same sandstone several miles south of 
Lyons, near Boulder, a number of ichnolites have been obtained, 
bearing arthropod (probably insect) tracks, but they are not 
distinctive enough for satisfactory description and _ probably 
cannot be placed definitely in any particular group of insects. 

















THE RELATION OF CONCRETIONS TO COAL SEAMS 


JOSE MARIA FELICIANO 
University of Chicago 


ABSTRACT 

Coal balls and roof-nodules are the most important concretions occurring with 
coal seams. Coal balls have been known for a long time in Europe, but have been 
only recently discovered in the United States and in Australia. They are formed in 
situ and contain plant remains which, because of their excellent preservation, yield 
much valuable paleobotanical information. The shale beds above the coal carry 
another type of concretion called roof-nodules which are generally formed in situ by 
the action of ground water. The latter also frequently contain plant remains. 

This article embodies the major conclusions of a more extensive report to be 
published elsewhere. 

Concretions connected with coal seams come under two group- 
ings: (1) coal balls which occur only in the coal seam, and (2) 


concretions imbedded in the strata accompanying the coal seam. 


I. COAL BALLS 


A coal ball is a calcareous or siliceous coal seam concretion which 
frequently contains recognizable plant fragments. The latter can 
be examined under the microscope to unusually good advantage, 
so that practically our entire knowledge of the inner structure of 
carboniferous plants is derived from coal balls. These coal balls 
vary greatly in shape, size, and composition. They may vary from 
spherical forms the size of a walnut to large rounded masses two 
or three feet in diameter, or they may comprise irregular masses 
of different shapes and sizes. But, as the name suggests, the com- 
monest shape is round like a ball. Their color is usually dark 
brown or black. 

The specific gravity of coal balls is variable since the component 
substances, organic and inorganic, are present in varying proportions 
in the different specimens. ‘Theoretically, an ideal calcareous coal 
ball for sectioning, for paleobotanical purposes, should have a 
specific gravity of about 2.70 which is very near the specific gravity 
of calcium carbonate (2.72). If a specimen is heavier it is quite 
certain that some heavy metal compound is present, usually sulphide 
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of iron; if, however, the specific gravity is lower than 2.70 it may 
be taken as an indication of considerable unreplaced carbonaceous 
matter. The specific gravity of siliceous coal balls should be about 
2.65. Only calcareous coal balls have been found in America up 
to date, though siliceous coal balls are of common occurrence on 


the European continent. 
TABLE I 


A. OccuURRENCE OF COAL BALLS OUTSIDE OF THE UNITED STATES 























Formations Seams Localities 
Upper Coal Measures Orlau Seams | Austria* 
| Orlau, Austria 
Ottweiler Seams Germanyt 
Ruhr Basin 
Donetz Seams Russia 
| Donetz Basint 
Upper Coal Measures Ostrau-Karvin Seams Czechoslovakia § 
Ostrau-Karvin Basin 
| Obere Randgruppe Poland, Upper Silesia 
Upper Coal Measures | New South Wales Seams Australia 
New South Wales 
Lower Coal Measures Flétz Isabella Germany 
W estphalia, Prussia 
Lower Coal Measures Veine Marquise | France§ 
| Hardigen 
Lower Coal Measures First Coal | England 


Gannister | Hough Hill, Stalybridge 
Upper Foot Bullion | Bacup and elsewhere 
| Many localities in Lanca- 
shire and Yorkshire 
Millstone Grit Rough Neck | England 
| Laneshaw Bridge 











*D. Stur, “Uber d. in Flétzen reiner Steinkohle enthaltenen Stein-Rundmassen u. Torf-Sphiro- 
siderite,” Jahrb. d. k. k. Reichsanstalt, Wien, Vol. XXXV (1885), pp. 613-47 


t W. Gothan Carbon and Perm-Pflanzen, Berlin, 192 
t D. H. Scott, Studies in Fossil Botany (third edition), Vol. II (1923), p. 281. 


§ B. Kubart, “Pflanzen-Versteinerungen enthaltende Knollen aus dom Ostrau-Karviner Kohlen- 
becken.” Sitz cungst yerichte der Kaiserlichen Aki ademie der Wissenschaften, Wien, math. naturw. Kl., Bd. 
CXVII (1908 D. H. Scott, Studies in Fossil Botany (third edition) (1900). p. 663. 
q4 J. C. H. Mingaye, The Coal Resources of New South Wales, Australia. (In press.) Advance 
information by letter from the author (192 
M. C. Stopes and D. M. S. Watson, “On the Distribution and Origin of the Calcareous Concretions 
in the Coal Seams Known as Coal Balls,” Phil. Trans. Roy. Soc., Series B, Vol. CC (1909), p. 191. 


q C. Eg. Bertrand, “Ce que les coupes minces des charbons de terre nous ont appris sur leurs modes 
de formation,” Extrait des Publications du congrés international des Mines, de la Metallurgie, de la Mecanique 
et de la Géologie ap pliquée (Section de Géologie appliquée), 1905, pp. 25-26 

Until lately coal balls have been recognized only in Europe, 
but during the last three years, American coal balls have been 
discovered in numerous beds by A. C. Noé, and their occurrence 
has also been reported from New South Wales. 

Table I gives the recognized occurrence of coal balls in various 
parts of the world. 
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ORIGIN OF COAL BALLS 


For the origin of coal balls two different hypotheses have been 
offered: the “in situ” theory and the “drift” theory. The 
advocates of the former insist that coal balls were formed in the 
places of their present occurrence, and contemporaneously with 
the coal. The opposing opinion is that at least the vegetable 
matter inclosed in the nodules was brought in from elsewhere 
rather than grown in situ," and that possibly the coal balls in their 


B. Locatitres tin UNITED STATES WHERE COAL BALLS HAVE BEEN FounpD 





Formations Seams Localities 


Post-Alleghany (McLeans-| No. 7 Coal, Danville Vein*| Danville, Illinois 








boro in Illinois Hegler Zinc Co. Coal Mine 
No. 7 Coalt New Castle, Texas 

Alleghany (Carbondale in| No. 6 Coal in Illinoist Calhoun Coal Co., Richland 
Illinois; Des Moines in County, Illinois 
Towa) No. 5 Coal* in Illinois Harrisburg, Illinois 


O’Gara Mine No. 9 
No. 9 Coal* in Kentucky | Sturgis, Kentucky 
West Kentucky Coal Co., 
Mine No. 12 


No. 2 Coal* in Indiana Silver Island Strip Mine, 
Cayuga, Indiana 
Lower Vein* in Iowa Des Moines, Lowa 


Bloomfield Mine 


Pottsvill No coal balls found to date 
ected by A. C. No 

ted by W. F. Wrather 

i by D. F. Higgi 


entirety have been transported to their final location.? 

A weighing of the evidence on both sides has led the writer to 
the conclusion that the drift theory is less plausible than the in situ 
theory. ‘The main arguments in favor of the latter are: 

1. Delicate projecting fragments of tissue on coal balls prove 
that rolling after their formation is practically excluded. 


t E. C. Jeffrey, “Petrified Coals and Their Bearing on the Problem of the Origin 
of Coal,” Proc. Nat. Acad. Sci., Vol. IIL (1917), pp. 206-11. 

2 J. Lomax, “Coal Balls in the Lower Coal Measures,” Abst. Br. Assn. Rept. 
Belfast, London, 1902, pp. 811-12, and by the same author: “On the Occurrence of 
Concretions in the Lower Coai Measures,” Sec. K, Br. Assn. for the Advanc. of Sci., 


Belfast, 1902. 














































THE RELATION OF CONCRETIONS TO COAL SEAMS 233 


2. Continuity of vegetable tissue from nodules into the surround- 
ing coal shows that the nodules cannot have been moved since 
petrifaction. 

3. Stopes and Watson found a stem of Lyginodendron extending 
from one coal ball into another.’ 

The chemistry of coal-ball formation and the biological processes 
in the origin of coal balls were for the first time treated in detail 
by Stocks in 1902.?,_ The results of his experiments may be summar- 
ized as follows: 

Coal is formed in stagnant sea water by anerobic bacterial action. The 
calcium sulphate contents of sea water are reduced and converted into calcium 
carbonate. Such action originated in the cells of the water logged vegetable 
matter and then spread to the rock around it. Pyrite was formed by the iron 


content of mud and contemporaneously incorporated in the concretion 


The principal source of the substances from which the coal balls 
are made is not the coal seam in which they are imbedded, but 
materials dissolved in the surface water (either brackish or fresh 
water) of the swamps, and to a certain extent the ground water as 
it existed during and after the accumulation of the coal. Stopes 
and Watson! believed that coal balls were formed only in brackish 
or salt water swamps subject to marine inundations, and that salts 
of marine origin played an essential part in their formation. The 
discovery by A. C. Noé of coal balls in Coal No. 2 of Indiana, a coal 
characterized by an absence of marine fossils in its immediate roof, 
throws doubt upon the validity of this conclusion. Furthermore, 
an inspection of the composition of fresh waters shows that they 
should be even more competent than marine waters to produce the 
kinds of petrification observed in coal balls. The proportion of 
calcium and carbonate ions to other ions in most land waters is 
more than ten times that in sea water, although the actual salinity 
of the latter is far greater than that of the former. It seems that 
the activity of calcium ions may more than balance the deficiency 

«M. C. Stopes and D. M. S. Watson, “On the Distribution and Origin of Con- 
cretions Known as Coal Balls,” Phil. Trans. of The Roy. Soc. of London, Vol. CC (1906), 
p. 181. 

2H. B. Stocks, ““On the Origin of Certain Concretions in the Lower Coal Meas- 
ures,” Quart. Jour. Geol. Soc., Vol. LVIII (1902), pp. 46-58. 


3 Op. cit., p. 212. 
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in the salinity of land waters, and lead to the petrification of vege- 
table matter. This petrification is probably initiated by the 
presence of salts in the plant cells, microscopic crystals of these 
salts acting as nuclei for bacterial decomposition and chemical 
deposition. 

One of the products of biological and chemical interaction in 
the formation of the coal seam will be hydrogen sulphide which 
reacts and forms solid sulphides in the presence of soluble salts of 
such elements as iron, copper, arsenic, antimony, and many others. 
The most important of the resulting sulphides is the iron sulphide 
which is persistently present in the coal in the form of pyrite or 
marcasite. There seems to be evidence that coals immediately 
associated with marine sediments have a higher sulphur content 
than those associated with fresh-water sediments. Therefore, the 
sulphur content of the different coals may prove to be a valid 
criterion to distinguish between coals laid down in bogs subject 
to marine invasion and those subject to invasion of fresh waters. 
The validity of this criterion has already been presented by 
Schuchert.' 

In local shallows or basins in swamps where coal material is 
being deposited, water-logged plant débris will gather, sink and 
be shut off from the effects of the atmosphere. The preservative 
property of the peaty acids will help to keep the plant fragments 
from rapid decay. Parts of the plants, however, decay and the 
liberated carbon will start reducing the sulphate contents of the 
water and will contemporaneously deposit calcium, magnesium, 
and iron carbonates. The calcium and magnesium bicarbonate 
content of said water will also form calcium and magnesium carbon- 
ate, while the ferrous bicarbonate may be deposited as ferrous 
carbonate or may be hydrolized to ferrous hydroxide, which may 
subsequently be oxidized to ferric hydroxide. The ferric hydroxide 
may form limonite on losing some of its water. 

The formation of pyrite may take place contemporaneously 
with petrification or by replacement of the calcareous matter of 
coal balls. Ferrous or ferric sulphates which are also present in 


«L. V. Pirsson and Charles Schuchert, A Text-Book of Geology (1915), Part II, 


p. 788 
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water where coal balls are being formed or in ground water percolat- 
ing through the coal seam may be reduced by hydrogen sulphide 
to form pyrite according to the following reactions: 


Fe,(SO,);+H.S>2FeSO,+H.SO,+S 


FeSO,+S+H.S>FeS,+H.SO, ' 


In pyritic coal balls, evidence of replacement by pyrite is 
observed in microscopic sections. Such replacement oftentimes 
obliterates the plant structure previously preserved. From the 
preceding discussion, and the equations given, it would seem that the 
main constituents of coal balls as found in America and England, 
are calcium and magnesium carbonate, iron oxide and sulphide of 
iron (mostly FeS,). Such constituents were also found by Seward.? 


II. CONCRETIONS ABOVE THE COAL SEAMS 


Concretions may be formed in the shale beds above the coal 
and in the fire-clay below the coal seam. The former are frequently 
called roof-nodules, and the latter called floor-nodules. Only the 
roof-nodules are of interest here because they alone contain fossils. 
Concretions formed in the shale above the coal seam are very likely 
to be epigenetic. Concretions were formed in many instances 
around an organic nucleus which started the chemical reaction 
responsible for their formation. Three types of concretions were 
observed in the shale above Coal No. 2 of Northern Illinois: (1) 
Fossiliferous. concretions whose shapes and forms were distinctly 
influenced by the organic nucleus (mostly vegetable in origin). 
(2) Concretions which have for their nuclei pieces of rock or mineral. 
The shape of this type is more or less flattened and spherical, and 
its prevailing color is lighter than that of the fossiliferous type 
which is grayish brown or brownish. (3) Concretions which have 
no apparent nuclei. These are ovate, ring-shaped, or lenticular. 
In the majority of cases the bedding planes of the shaly matrix 


continue through the concretions. 


tE. T. Allen, J. L. Crenshaw, and J. Johnson, ‘“‘The Mineral Sulphides of Iron,” 
Amer. Jour. Sci., fourth series, Vol. XX XIII (1912), pp. 171-73. 


2A. C. Seward, Fossil Plants, Vol. I (1898), pp. 85-86 (Cambridge Edition). 
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The famous fossiliferous concretions of Mazon River located 
near Morris, Illinois,’ show wonderful preservation of plant and 
animal remains. Another excellent locality for the collection of 
plant fossils in concretions and in the shale overlying the coal is 
Skinner Mine No. 2, located in Braidwood, Lllinois.* 

The roof concretions (fossiliferous and non-fossiliferous) found 
in the region around Braidwood, Illinois, are believed to have been 


rABLE IU 


ANALYSES OF CONCRETIONS AND SHALE (MATRIX) FROM SKINNER MINE No. 2, 
Braipwoop, ILLINoIs 


Shale in Which 


Concretions oO Concretions . 
= Soe | nabedied be tate | so 

CaO 2.52 | 2.42 1.14 
MgO 2.20 2.42 5.34 
m0, 23.70 19.61 60.14 
41,0, 11.25 7.23 18.08 
CO 20.47 14.24 4.71 
Fe,O, (total as iron 34.31 41.99 8.11 
SO, rrace Trace Trace 
Na,O ».25 1.00 1.18 
K,0 1.16 ©. 390 2.42 
MnO 0.33 0.69 0.09 
H,O (moisture at rro ( 5.66 0.68 0.05 
Loss in ignition 1.30 9.90 I.Q2 

Total 100.21 100.57 100.08 


formed in fresh-water sediments by subsequent ground waters. 
The evidences for this belief are the absence of limestone as a cap 
rock of the coal seam, the absence of any fossil marine invertebrates, 
and the unusual abundance of fossil plants in the roof beds. The 
latter feature is regarded by David White as suggestive of fresh- 
water deposition. 

lhe most noticeable feature in the analyses of the two concre- 
tions, as compared with the shale, is the loss of about 39 per cent 

*Leo Lesquereux, “‘Concretions of Mazon Creek, and Fossil Plants,” Jilinois 
Geol. Survey, Vol. IV (187 p. 181. 

A. C. Noé, “Fossil Flora of Braidwood, Illinois,’ Trans. of the Ill. Acad. of Sci., 
Vol. XV (1923), pp. 390-97. 
David White, “‘ Floral Evidence,” Bull. Geol. Soc. America, Vol. XXII (1911), 
pp. 221-27 
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of silica and about 9 per cent of alumina from the matrix in the 
formation of the nodules. The nodules on the other hand show a 
gain of about 30 per cent of iron oxide (total iron being calculated 
as Fe,O,), 12 per cent of carbon dioxide, and about 4 per cent of 
volatile matter (loss in ignition) as compared with the constituents 
of the shale. The decided increase of iron and carbon dioxide 
point to the formation of iron oxide, calcium, magnesium, and iron 
carbonates. These substances, mostly brought by the ground 
water, serve as the cementing material of the shale in the formation 
of the concretions. 

The following reactions may roughly represent what has taken 
place in the formation of concretions at Skinner No. 2 Mine, near 
Braidwood, Illinois. 


t. CyH,,0.,( Wood) >C.4H,s0.+6CC ).+4CH,+10H,0. 
CaSO,+ 2C—>CaS-+ 2CO.,. 

2. CaS+2H,0—>Ca(OH).,+H:S. 

4. Ca(OH),+CO;>CaCO,;+H.0. (Similar equation may be written 
for corresponding magnesium compounds.) 

5. Fe(HCO,).>Fe(OH),+ 2CO.. 

6. 4Fe(OH),.+2H,.0+0.—>4Fe(OH)),. 

7. 4Fe(OH),—>2Fe.0, - 3H,0 (Limonite)+ 3H,0. 

8. 12FeSO,+ 30.+6H,0O—>4Fe,(SO,),+4Fe(OH)),. 

g. 2Fe.(SO,);+6H,O>4Fe(OH),+6H,SO,+ferric basic sulphate. (The 
ferric hydroxide may be formed into limonite as shown No. 7.) 

1o. Ca(HCO,).+ Mg(HCO,).+ Fe(HCO,).>CaCO,+ MgCoO, 

+FeCO,+3H,0+3CO,,. 


Plant inpressions at Braidwood are found both in concretions 
and in shale independently of concretions. Impressions in the 
shale are found only in layers immediately above the coal and adjoin- 
ing carbonaceous shale, and restricted to a thickness ranging from 
six to twenty-four inches, whereas the fossiliferous concretions 
extend much higher above the coal seam. The fact that concretions 
are found in abundant quantities above that portion of the shale 
where plant impressions are still abundant, seems to suggest that 
the concretions were formed by the progressive work of the ground 
water, and it would also suggest that after sufficient time elapses, 
and if sufficient (matrix) shale, immediately adjacent to the impres- 
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sions, is available, many of the plant impressions now found in the 
shale will ultimately be inclosed in concretions. 

It is a well-known fact that conditions at the time of deposition 
of the coal and those during the deposition of the roof above were 
markedly different, the coal marshes having been inundated by 
marine or fresh-water transgression. This difference is reflected 
also in the fossils. Fossil plants found in concretions and in sedi- 
ments above the coal seam at Braidwood do not represent the same 
flora that produced the coal bed, but represent more likely the 
upland flora or the vegetation growing along the banks of the coal 
swamps and that of the inland areas. These plants must have 
been swept along by water currents with the mud and silt that 
formed the roof of the coal seam. 

One may picture north-central Illinois in Mid-Pennsylvanian 
times as only slightly above sea level. Swamps and ponds of 
different sizes abounded, to which shallow, sluggish streams brought 
plant débris from the adjoining region. The vegetable matter was 
likely to be dropped near the mouth of these streams and if covered 
by sediments before petrifaction, this material would be preserved 
as fossils either in concretions or in the shale. At some later time 
ground water containing calcium sulphate, magnesium sulphate, 
calcium and magnesium bicarbonate, iron bicarbonate and iron 
sulphate, and probably other substances in solution, would react 
with the organic remains possibly with the aid of anerobic bacteria. 
The sulphates of calcium and magnesium, reacting with the carbon 
of the organic matter, give at first calcium sulphide, magnesium 
sulphide, and carbon dioxide. But the sulphides of these two 
metals are both unstable in the presence of water, and therefore 
immediately decompose into calcium and magnesium hydroxide, 
and hydrogen sulphide. The carbon dioxide, previously liberated 
and formed as hydrogen carbonate, will unite with hydroxides of 
calcium and magnesium, and form the two corresponding carbonates. 
The iron bicarbonate may be changed into ferrous hydroxide with 
the liberation of carbon dioxide, but the former will change into 
ferric hydroxide in the presence of water and oxygen. Ferric 
hydroxide in turn will form limonite. The ferrous sulphate also 
present in the ground water may be oxidized into ferric sulphate 
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and iron hydroxide (Fe.(OH),). Here again the ferric sulphate will 
in the presence of water form ferric hydroxide, which again results 
in the formation of limonite. 

In general, in the roofs of coal seams plants are seldom found 
associated with marine invertebrates because only a small amount 
of vegetation seems to have been carried by the tide out into the 
open ocean. The plant débris drifted from the surrounding land 
was deposited mainly near the shores of the Pennsylvanian estuaries. 
As a consequence the concretions above the coal beds, which have 
been formed after marine inundations, do not offer such a wealth 
of plant fossils as can be collected in roof-shales formed under 
fresh-water conditions. 

The fossils contained in roof-nodules, as well as the plant 
structures revealed in coal balls, are of the utmost importance for 
the stratigraphic determination of the coal seams. 











JOHN CASPER BRANNER 


The writer was associated with Dr. Branner from January 1, 
1888, to the day of his death, March 1, 1922—a period of thirty- 
four years. In that time, working as an assistant on the Geological 
Survey of Arkansas, and as colleague at Stanford, the writer came 
to know Dr. Branner well, and to love and respect him all the 
more for this knowledge. 

The first thing that impressed the young man coming under 
his guidance was the real generosity of treatment. We were all 
encouraged to do independent work in addition to the necessary 
routine, to publish it in our own names, and get credit for it. He 
could not pay us very much in money, but we were paid in what 
is better than gold. 

His modesty was a constant inspiration. He never hesitated 
to say he did not know, and had great contempt for anyone that 
pretended. And when he said he knew, there was no doubt in the 
minds of any of us that he did know. 

His simplicity of manners, methods, and expression was pro- 
verbial. His office door was never locked, and on it stood a sign, 
“Enter without knocking.”’ So he was in his personal relations, 
always ready to lay aside his own work and help someone else out 
of difficulties. 

After his death his associates in the faculty of Stanford Uni- 
versity said of him, ‘‘In becoming president he did not cease to 
be a colleague.’”” He was the same kindly associate, whether 
director of a state survey, or professor of geology, or president of 
the University, always helping those under him on the road to 
accomplishing something worth while. 

We admired especially his quiet courage and fearless exposure 
of attempted frauds, even though this might endanger his position 
on the survey, or the existence of the survey itself. This was one 
of his outstanding characteristics all through life. 

The breadth and depth of his scholarship were the delight and 
despair of his friends—geology, botany, philology, Portuguese 
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grammar, economics, history, literature—he wrote on all these 
things, and his writings were authoritative. And his fellow- 
workers in all the various branches would go to him for advice 
and criticism, sure of understanding and help. 

It is not surprising that with these qualities he inspired true 
loyalty in his associates, and won their unquestioning obedience, 
for they had perfect faith in him and his work. He sent us into 
hard places and we went gladly, for we were not merely cogs in a 
big machine, but fellow-workers inspired with a personal interest 
nearly as vital as his own. 

He was a really great teacher, in the classroom and out of it. 
He would accept nothing but the best, but we were always sure of 
kindly recognition of our attempt, whatever the outcome might 
be. It was splendid training to work under him in any capacity, 
for he was most exacting of himself and others in observation and 
expression. Facts before theories, always, and orderly logical 
deductions, these were the main things. We felt that it would be 
an honor and a privilege to serve under him all our lives. 


JAmeEs PERRIN SMITH 











REVIEWS 


The Planetesimal Hypothesis and the Solar System. By Harry 
FIELDING RED. American Journal of Science (January, 1924), 
pp. 37-04. 

A footnote to the title reads as follows: 

Professor F. R. Moulton has been kind enough to read over my manuscript 
and to make some suggestions which I have incorporated in the text. I am 
especially indebted to him for pointing out an error, which has led to a much 
better treatment of the satellites. 


It is quite certain that Dr. Moulton’s relations to this paper will be 
misunderstood if the additional factors of the case are not known. A 
paper similar to this one in import—and doubtless an earlier edition of 
it—was presented at the Amherst meeting of the Geological Society of 
America in 1921 but was not published in the Bulletin of that Society. 
A few months later a paper of similar nature was offered for publication 
to an appropriate, but not geological, journal and was referred by its 
editor to Moulton as an advisory expert. Moulton transmitted his 
comments to Reid as well as to the editor, and the paper was withdrawn 
for correction, but was not returned for publication. It now appears in 
the American Journal of Science as indicated above. This covers the 
whole of Moulton’s relations to the paper. 

The article is an attempt to point out certain supposed errors or 
defects in the planetesimal hypothesis. In a critique of this kind the 
first wish of the right-minded reader is to learn with what fidelity the 
essential postulates, spirit, and method of the hypothesis are put before 
him as a basis for his judgment of the validity of the criticisms offered. 
His second interest lies in the scrupulousness with which these are adhered 


to in the discussion of the hypothesis. 


DERIVATIVES INSTEAD OF FUNDAMENTALS 
Immediately after the Introduction, Reid characterizes the hypothe- 
sis as follows: 
The Planetesimal Hypothesis —The hypothesis proper assumes a central sun 
around which were revolving, in the same general direction, a large number of 


very small planetesimals, and a smaller number of nuclei. The orbits were in 
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various planes, of various sizes and in general of large eccentricities. 
There follows the enumeration of a score or so of similar particulars stated in 
like terms [p. 38]. 

Now these are all secondary features, as may be seen from the state- 
ment itself, in which, at the very outset, planetesimals and nuclei are 
mentioned. These are not primary postulates but derivatives from the 
true basal hypothesis. They will mislead if regarded as the basal hypoth- 
esis itself. The fundamental postulates of the hypothesis lie back of these 
secondary deductions. The latter should take shape from the basal 
postulates as natural and necessary derivatives from them, but mis- 
takes may be made in deriving them which do not vitiate the funda- 
mental postulates. The relation is thus put: ‘Given these postulates, 
the rest of the evolution is predetermined.’” 

These secondaries are, of course, open to criticism, but as such criti- 
cism may, or may not, affect the fundamentals, it must be shown that 
the latter stand or fall with the validity of the secondaries criticized, 
before any basal weakness can be shown. In building these secondaries 
many tentative postulates were thrown out to give place to better ones. 
And so, if Reid has shown that any which remain are weak or untenable, 
he may be only carrying this constructive work further. At any rate, 
he must show that the secondaries criticized are vital to the primary 
postulates. The real issue therefore hangs on the validity of the basal 
postulates. 

This opening statement is put in such general terms, in certain 


respects, as to give the impression that the particular payer 
named were chosen or might be chosen ad libitum. This is implied b 
such expressions as “orbits in various planes” and “‘of various sizes” 
p. 38) quoted above. To catch the spirit and method of the hypothesis, 
it is important to observe that these secondaries are not “assumptions” 
in a free sense at all, but are results of studied efforts to deduce from the 
primary postulates what the sequences must be. ‘The planetesimal hypoth- 
esis is far from — a free speculation; it may almost be said to have 
been forced to be what it is by the facts disclosed in a long previous 
patient and critical study of the significant dynamical features of our 
planetary system. The primary postulates are as completely dependent 
on these disclosed facts of the system as the secondaries are dependent 
on these primary postulates. Criticism is sure to go amiss if it does not 
deal with the hypothesis as a logical chain tied to the most significant 
features of the planetary system. Reid’s phrase, ‘the hypothesis proper,” 


* The Origin of the Earth, 1916, p. 145. 
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made the keynote of his paper, should have been replaced by some such 
phrase as “ secondary features of the planetesimal hypothesis.” 


\ FUNDAMENTAL MISCONCEPTION 

It is only on the next to the last page of Reid’s paper (p. 63) that the 
reader is brought into touch with the fundamental features of the plane- 
tesimal hypothesis, and then only in a most surprising way. It is there 
said: 

There is another phase of the planetesimal hypothesis which ascribes the 
origin of the nuclei [planetesimals not mentioned] to the near approach of a star 
to the sun; but this is not considered as a necessary part of the hypothesis. 


This last clause is most astonishing, since the close approach of a star 
(or its equivalent) to the sun is the very soul of the planetesimal hypothe- 
sis. Either by explicit statement or obvious implication this postulate 
permeates the whole mass of authoritative literature on the subject. 
That misapprehension on such a radical point should obtain in such a 
quarter shows the inherent difficulty of making clear and lastingly impres- 
sive such intangible features as dynamic properties even when most essen- 
tial and significant in nature. It furthermore makes clear the necessity 
not only of emphasizing the foregoing distinctions but of reciting in this 
connection as briefly as may be the fundamental features of the hypothe- 
sis, and of doing this in such a way as to show as vividly as may be their 
dependencies on the critical facts of the planetary system; otherwise the 
discussion of criticisms founded on a very different understanding cannot 
be free from confusion of thought. 


[HE TRUE BASAL HYPOTHESIS 
As already indicated, the hypothesis was dictated by the revelations 
of a critical study of the mass distribution and dynamical properties of 
our planetary system." This preliminary study, initiated with no thought 


« T. C. Chamberlin, ‘An Attempt to Test the Nebular Hypothesis by the Rela- 
tions of Masses and Momenta,” Jour. Geol., Vol. VIII (Jan.-Feb., 1900), pp. 58-73. 
F. R. Moulton, “An Attempt to Test the Nebular Hypothesis by an Appeal to the 
Laws of Dynamics,” Astrophysical Journal (March, 1900), pp. 103-30. Chamberlin 
and Moulton, Year Books Carnegie Institution of Washington, Nos. 2-21, 1903-23. 
r. C. Chamberlin, “‘ Diastrophism and the Formative Processes,” articles i-xvi, Jour. 
Geol., Vols. XXI, XXII, XXVI, XXVIII, and XXIX (1914-22). As early as 1861, 
Babinet, in Comptes Rendus, Vol. LIT (1861), p. 481, called attention to the moment of 
momentum of the solar system as offering objections to the centrifugal class of theories, 
but he does not seem to have abandoned the Laplacian hypothesis on that account. 
Che work of Moulton and Chamberlin was altogether independent of this, which only 


came to their notice after earlier results were in print. 
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of a new hypothesis, ran through about seven years and became an asso- 
ciated inquiry as indicated by the references cited. The disclosure of 
these critical features forced the rejection of all hypotheses of the self- 
generative type, because there was clear evidence of two hereditary strains, 
in other words, of a bi-parental origin. This is not a general proposition 
applying to all secondaries of stars; it is simply a specific statement 
relating to our planetary system, and is supported by rigorous mechanical 
considerations. While significant peculiarities are found in many fea- 
tures of our planetary system, there is room here to cite only the simplest, 
but this happens to be the most comprehensive. Ninety-eight per cent 
of the angular moment of momentum of the system is carried by Jess 
than one-seventh of 1 per cent of the total mass, while only 2 per cent* is 
carried by the remaining 699/700 of the mass. The minute fraction 
of the mass so highly endowed with momentum forms the planets. It 
shows that dynamically they belong to a distinctive strain. The great 
mass carrying the very small momentum forms the sun and constitutes a 
different dynamic strain. Thus the problem of genesis at once resolves 
itself into the heredity of these two strains. 

At the same time, there was abundant evidence that the planets were 
the offspring of the sun, and that they all belonged to the same brood. 
The differences in the endowments of the sun, and of the planets, respec- 
tively, were thus regarded as hereditary traits such as distinguish a 
mother from her offspring. The added qualities of the offspring, there- 
fore, become pointers to the other parent. Thev are the vestiges that 
give distinction to the pedigree. The other parent must have been one 
that could impart an extraordinary amount of revolutional energy and 
momentum to a very small, scattered fraction of the system’s mass, while 
the main mass was left with only a sluggish rotation. What was needed 
to meet the requirements of the case was a dynamic encounter by which 
the requisite energy and momentum would be imparted. There must 
also be an extraordinary separative action, for the very high endowments 
of energy and momentum affected only 1/700 of the total mass, and 
this portion was scattered out to great distances from the sun, distances 
ranging up to three billion miles. With this groundwork of facts and 
close inference from the facts, it is not difficult to see why the passage of a 

t Exactness of percentage has no importance here of itself, but it may be worth 
while to state that the data used are derived from Sir George Darwin’s tables, and that, 
if the distribution of density of the sun be supposed to follow Laplace’s law of density, 
the momentum of the sun is less than 2 per cent; if the density is supposed to be dis- 


tributed uniformly from center to surface, which is wholly improbable, the percentage 


is less than 3 per cent. Two per cent is therefore used as the nearest round number. 
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strong attracting force suggested itself or why a passing star seemed to 
embody such a force. The known eruptivity of the sun would seemingly 
be stimulated and directed by the differential attraction of the star. These 
were therefore adopted as the co-operating dynamic factors of the case. 

It then remained to connect the dynamic encounter of the stars with 
the observed planetary results by logical intermediary steps. The stand- 
ard geological method of tracing events back to their antecedents is one 
of the surest and best of methods. Starting with the planetary bodies 
and observing that they form a disk of far-flung bodies, it was a simple 
first step to suppose that they had previously been a somewhat more 
scattered disk of still smaller bodies. Jt was necessary, however, that the 
dynamic properties of the planetary system should be kept in the disk of 
smaller bodies. This was crucial, and this led to a parting of the ways. 
While these assigned bodies were small, resembling meteorites, they could 
not be meteorites in the proper sense of the term, for meteorites revolve 
in practically all planes and in both directions in those planes. Their 
courses are forward, retrograde, and oblique in various degrees. When 
they fall into a planet, they add a little to its mass, indeed, but they tend to 
kill its revolutionary or planetary motion because of their conflicting direc- 
tions of motion. Now revolutionary motion is a distinctive feature of 
our planets, and in our family of planets the orbits lie in or near a common 
plane, and the revolution is in the same direction in all the planets. These 
general features, and the mechanics involved in them, are unquestionable. 
The infall of meteorites is adverse to this. While this has long been 
recognized in itself, the inconsistency of assigning the origin of planets 
to meteorites has not been equally appreciated. The slow rotation of 
the sun gives remarkably clear and concrete testimony on this point. 
It is agreed on all hands that meteorites are now plunging into the sun 
and have been doing so throughout the past ages, and yet the sun has only 
the very low rotatory momentum cited above. Whatever it inherited from 
primitive conditions must be counted in also. The sun’s rotational 
momentum is only about one-thirtieth of the amount carried by the 
single planet, Jupiter. 

As already noted, because meteorites revolve in all directions and in 
all azimuths, they destroy one another’s contribution to the normal 
motion of the planet into which they fall. They thus are to be classed 
dynamically as planet-killers, in their little way. A system so extraordi- 
narily endowed with planetary momentum as ours could scarcely be built 
up of planet-killers of this type, and so meteorites were necessarily excluded 


from the new hypothesis—except as interfering incidents. The small 
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bodies must, to fit the case, have had motions concurrent with one 
another and the planets-to-be, in nearly parallel orbits, so related that 
they would combine their momenta as they gathered into the planetary 
bodies. Thus there arose from the strict logic of the case the planetesimal’ 
concept. The name was adopted, in spite of its length, as a constant 
signal of the absolutely essential distinction between them and the diversely 
moving meteorites. 

This concurrent or planetesimal mode of revolution was found to be 
assignable to a star passing at considerable distance from the sun, but 
sufficiently near to stimulate, by its differential attraction, the great 
eruptive forces in the sun to project the small fraction of the sun’s sub- 
stance needed (1/700) far out into space, while the passing star drew 
this projected matter forward in the line of its own motion. This gave 
a disk-like form to the planetesimals as a group. And when they were 
later gathered into planets, the latter retained the disk-like grouping. 
The plane of the group did not happen to be the plane of the sun’s former 
rotation, and the residue of this discrepancy remains in the present obliq- 
uity of the sun’s plane of rotation to the invariable plane of the planets. 
The direction of the sun’s previous rotation was probably different from 
the present direction, but this cannot be discussed here.* 

The spirit, the method, and the essentials of the planetesimal hypoth- 
esis are thus definable simply as attempts to trace back logically the 
significant features of the solar system to an event certain to happen in 
the natural course of things. The method and the postulates should be 
perfectly clear if the planetary features are first made clear. The hypoth- 
esis maintains that the planets had a bi-parental origin, that the sun 
was one partner, a passing star (or its equivalent) the other, that the disk 
of planetesimals and nuclei was the result of their dynamic encounter, 
and that the planets are only a simple, natural evolution from the nuclei 
and planetesimals so formed. The essentials are so obvious when looked 
at from the imperative requirements of the planetary system as revealed 
in its most significant features that a critic ought not to go astray, if he 
once catches the philosophy of the hypothesis. 

REID ON PLANETARY ROTATION 

Though Reid falls much short of grasping clearly the fundamentals 
of the planetesimal hypothesis, some of his criticisms call for careful con- 
sideration, for they relate to features of importance even though they are 
not basal. His first challenge of the hypothesis is directed against the 


* See The Origin of the Earth, 1916, pp. 130-32. 
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competency of the infalling planetesimals to give to the planets their 
actual rotations. Criticism on this point comes with the special interest 
of surprise, for the protagonists of the hypothesis regard the facility with 
which it explains the actual rates of rotation (often low or moderate and 
never extremely high) as one of its strong points. Hypotheses that appeal 
to centrifugal separation involve very high rates of rotation, at least of 
all the planets that have satellites. The reduction of these high speeds 
to the observed rates of rotations has always been a grave difficulty with 
those hypotheses. As the planetesimal hypothesis builds up rotation 
little by little as growth goes on, while the forming rotation is affected by 
both chee king and accelerat ing processes, it has been held to be peculiarly 
adapted to explain the varying rotations observed. 

As Reid’s discussion implies, moment of momentum is the most 
convenient criterion for testing the effects of planetesimal infall. 
Although he uses the phrase a score of times, he nowhere makes it clear 
to the reader that the moment of momentum involved in the case has 
two phases, namely, the moment of momentum of rofation (as of the nuclei 
or planets) and the moment of momentum of revolution (as of the plane- 
tesimals or of the orbital motions of planets). These two forms are 
transformable into one another. They are undergoing interchange even 
now. A comparison of these is the best first step in the discussion of 
the competency challenged, for it shows the degree of transformation 
required. The earth’s moment of momentum of revolution about the 
sun is 3,700,000 times that of its rotation on its axis (Moulton). To try 
to prove by special artificial cases, necessarily both complicated and lim- 
ited, treated by complicated mathematical processes affected by tedious 
integrations, that a three-millionth part of the moment of momentum of 
the planetesimals could not be transformed into rotational moment of 
momentum by their infall into the growing nucleus, was certainly a most 
courageous undertaking; and as hopeless as it was courageous. We lift 
our hat. 

We do this the more complacently because Reid covers the whole 
issue in the following frank admission: 

Chere is one way, however, by which the proper moment of momentum 
might have been obtained and the earth still grow up asa solid body. Suppose 
the mass of the nucleus was only a small fraction of that of the present earth 
but that it occupied an enormous space. The infall of a comparatively small 
mass of planetesimals might then have given it as much moment of momentum 
as the earth now has. . . . . This would meet the situation, but it has nothing 
to commend it except that it offers a way, though a highly artificial one, out of 
the difficulty [p. 48]. 
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The error here relates to the artificiality of this case; it is, in its essen- 
tials, the real case and the only one to be considered. This has been set 
forth rather pointedly in the literature of the planetesimal hypothesis. 
[hat the mass of the nucleus of the earth was relatively small has been 
shown to be inevitable from the conditions of the case by a close concrete 
analysis of its mode of formation.' It is further shown, there and else- 
where,” that the successive spheres of control of the earth nucleus as it 
grew would range from diameters of 500,000 miles, at first, to 1,500,000 at 
maturity. It is still further shown, in the quotation below, that the 
whole sphere of control serves as a collecting area. In addition to these 
special treatments, an elaborate discussion of the segregations and physi- 
cal phases of the planetary nuclei during their formative stages has been 
given in a recent extended discussion of the hypothesis. The following 
specific description sets forth the leading features of the collecting 
process 33 

The gathering of the orbital part of the knots, the satellitesimals, into the 
planetary and satellite cores, was doubtless a slower process, for it depended, in 
part, on the collision of the satellitesimals with one another in their orbits— 
which would take place only in so far as these crossed, or were made to cross, 
one another—and, in part, on collisions with infalling planetesimals—which 
either drove them into the nucleus or into new orbits from which sooner or later 
a plunge into the nucleus would be likely to ensue. A planetesimal plunging 
into a satellitesimal would drive it into the nucleus in only a certain proportion 
of cases, but, under the laws of mechanics, both planetesimal and satellitesimal 
must return to the point of collision—unless diverted by some intercurrent 
agency or prevented by too high velocity—and be subject to another collision 
which would give another chance of being deflected into the nucleus, and so on 
indefinitely. 

It appears then that the orbital or satellitesimal deployment of the particles 
of the knots served not only as a slow source of feeding for the nucleus or core, 
but also as a collecting mechanism for catching planetesimals; so also, in reciproc- 
ity, the planetesimals aided in driving in the satellitesimals. In some measure, 
indeed, the whole of the sphere of gravitative control surrounding each knot 
served as a collecting agency by reason of its power of deflecting passing parti- 
cles toward the center and thus increasing their liability to be caught. But the 
process of aggregation was none the less slow. 

t Jones’ Criticism of Chamberlin’s Groundwork for the Study of Megadiastro- 
phism,” Am. Jour. Sci. (Oct., 1922), pp. 258-60. 

2“Diastrophism and the Formative Processes. XI. Selective Segregation of 
Material in the Formation of the Earth and its Neighbors,” Jour. Geol., Vol. XXVIII 
(1920), pp. 126-57; and “XII. The Physical Phases of the Planetary Nuclei during 
rheir Formative States,” Jour. Geol., Vol. XXVIII (Oct.-Nov., 1920), pp. 473-504. 


3 The Origin of the Earth, 1916, pp. 146-47. 
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An additional factor might have been mentioned. The mechanics 
of the case make it clear that the earth’s relatively large satellite must 
have modified the orbits of planetesimals in respect to the earth’s center, 
in the same way as Jupiter modifies the orbits of comets that come near 
it, relative to the sun. The moon thus served as an auxiliary collecting 
agency. 

These several features of the collecting process satisfy quite fully the 
essential conditions named as competent by Reid. The collecting pro- 
cess as here described is the normal one; it is not at all special, nor shaped 
to escape any difficulty, since no difficulty is recognized. It is a feature 
of the inevitable chain of sequences that spring from the primary postu- 
lates of the hypothesis. 

Independent of these considerations, special discussions of the rota- 
tional effects of the infall of planetesimals, with illustrations, are given 
by Chamberlin' and by Moulton? in their respective textbooks, setting 
forth what they regard as satisfactory evidence that the direct infall of 
planetesimals would tend to give forward rotations. The cogency of 
these treatments is not directly challenged by Reid. The evidence cited 
in these discussions implies considerable effectiveness, and it has been 
thought that the rotations would be more likely to be in excess of those 
observed than short of them. This prompted a closer study which brought 
out automatic checking processes and a tendency to equilibrium, already 
referred to, and here cited: 

From these considerations there springs the very important conclusion that 
there is an equilibrium value for rotation in cases of thiskind. If, for any reason 
the planet, while undergoing accretion, acquires a rotational speed above this 
value, the counteracting effect of the accessions will tend to depress the rate of 
rotation until the equilibrium rate is reached. If the rotation falls below the 
equilibrium rate, the effect of the accessions is to raise it to the equilibrium 
value. If the distribution, or the forms, or the proportions of the little infalling 
bodies are changed, the equilibrium rafe of rotation is likely to change also, 
and the net effects of further accessions will tend to change the rotation that 
prevailed before the change to the new equilibrium rate. There is thus an 
automatic regulative system by which the rate of rotation is made to oscillate 
about an equilibrium value. 

From all these considerations there seems to be abundant ground for 
concluding that the planetesimal hypothesis is not only competent in 

* Chamberlin and Salisbury, Geology, 1906, pp. 70-77. Chamberlin, The Origin 
of the Earth, 1916, pp. 90-100. 

? F. R. Moulton, Introduction to Astronomy, 1916, pp. 137-40. 


The Origin of the Earth, 





IQIO, Pp. 99. 
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respect to the rotations observed but that it is peculiarly well fitted to 
explain the varying rotations and their rather low range of values, where 
other hypotheses are weak. 

THE DENSITIES OF THE PLANETS 

Reid opens his discussion thus: 

The densities of the planets are supposed to be due to three causes, the 
nature of the planetesimals retained or collected, the amount of contraction 
under their own gravitation, and their temperatures [p. 62]. 

While these are among the agencies assigned, those most stressed in 
the authoritative literature of the hypothesis are readjustment and reor- 
ganization. In particular, stress is laid (1) on selective rearrangements, 
by which compactness is secured and the denser matter segregated down- 
ward, (2) on metamorphisms, by which new minerals better fitted for 
their environment, and usually denser, are formed (involving endother- 
mic as well as exothermic changes), (3) and now, under the new atomic 
doctrine, on atomic reorganization. In the face of the possibilities of the 
last, it is quite idle to attack the planetesimal hypothesis on the score of 
density—at least just now. It is in better shape to weather the storm 
of revolutionary disclosures than any of its competitors, as the revolu- 
tionary results thus far have amply shown. 


THE SUPPOSED DIFFICULTY OF HOLDING THE MOON 
Reid offers computations intended to show that it was unlikely that 
the moon'could remain within the sphere of control of the earth during 
the postulated states of growth (p. 50). Unfortunately, he neglects to 
take into account the tidal reactions between the growing moon and the 
growing -earth during these supposedly critical stages. The classic 
investigations of Darwin have made familiar the high value he put on the 
earth-moon tides in pushing the satellite away from the earth. Obvi- 
ously, on the other hand, the growth of the earth and moon would tend 
to draw them together. The two form a pair of opposing pulls which 
tended to keep the moon oscillating between the tendency to come too 
near and the tendency to fly off entirely. Some of the details, for which 
there is no room here, show that this couplet is very effective. 
REID ON THE SATELLITES 
The discussion of satellites is opened thus: 
According to the planetesimal hypothesis the nuclei of the satellites are 
supposed originally to have been revolving around their primaries, in any 


plane and in any direction [p. 49]. 
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Like the statement at the start, this begins in the middle of things. 
Furthermore, it is unwarrantably general in respect to planes and direc- 
tions. Note the contrast between its free and sweeping terms and the 
concreteness of the following by the author of the hypothesis: 

It is assumed as inevitable that the main ejected masses [solar eruptions] 
should have been attended by fragments or sub-knots torn from them as they 
were belched violently forth. . . . . While these fragments or sub-knots were 
shot out with the principal masses, it was inevitable that there should be diver- 
gencies that gave them separate courses near the main masses, which resulted 
in revolutions about these masses when their control was competent. They 
thus became attendant or satellite knots. Fragments whose courses were too 
divergent or too swift of course escaped. It is thus assumed that the collecting 
centers of the satellites-to-be originated as incidents of the vigorous ejection 
of the primary knots.’ 

From other texts it appears even more specifically that the satellite 
nuclei were subcenters of control within the spheres of control of the 
planetary nuclei. While this undoubtedly resulted in some notable 
variety of plane and of direction of revolution, there is nothing of the 
unrestricted generality of the statement “revolving about their primaries 
in any plane and in any direction.’”’ It is definitely implied that the satel- 
lite motions are controlled by phases of the forces that gave rise to the 
planetary motions. Planetary knots and satellite knots alike are logical 
derivatives of the more fundamental agencies of solar eruptivity and the 
differential attraction of the passing star. The builder of this feature of 
the hypothesis is liable to error in working out these subpostulates, alike 
with the critic in interpreting them, while the fundamentals may remain, 
in spite of these errors, altogether unassailable. ‘They are of course sub- 
ject to criticism as secondaries, and also in so far as they can be-shown to 
be essential to the basal hypothesis, but not as though they were in them- 
selves fundamental. 

A little farther on the discussion is interrupted by another surprising 
footnote, as follows: 

Che protagonists of the planetesimal hypothesis have added an auxiliary 
hypothesis to account for the existence of retrograde satellites, namely, that 
they are late acquisitions by capture [p. 58]. 

No reference is given and it has proved impossible to find any sub- 
stantial clue to so singular a misapprehension. The protagonists regard 
their explanation of the retrograde satellites as one of the triumphs of the 
hypothesis. The existence of such secondaries was anticipated before 


* The Origin of the Earth, pp. 143-44. 
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they were discovered, and Moulton gave some important specifications 
respecting their orbits. The following quotations partially cover the 
ground: 

All satellites, as a necessity of their continuance as satellites, revolve within 
the spheres of control of their primaries. In view of this, it is assumed that the 
satellite knots left the sun within the spheres of control of their primaries and 
that they always remained within them. A captured satellite, while perhaps 
not an impossibility, should bear distinct earmarks of its exotic origin." 


No earmarks of this sort have been recognized. And farther on— 

Both Jupiter and Saturn have goodly families of satellites that revolve in 
harmony with themselves. Yet Jupiter has two moons that revolve in a retro- 
grade direction, and Saturn has one. Under the planetesimal view this is inter- 
preted to mean that the larger part of the fragmenting action about the borders 
of the great belches that sent forth the Jovian and Saturnian knots was actuated 
by the great impulses that gave rotation to the primary knots, but yet that 
minor fragmenting outbursts occurred on the opposite side and gave rise to 
secondary knots with retrograde rotation. . . . . As anticipated by Moulton, 
from the mechanics of the case, before their discovery, their orbits were notably 
eccentric and the planes of their orbits divergent from the planes of their pri- 
maries." 

SOLAR ERUPTION AND THE TIDAL THEORY 

Near the close of his article, where Reid first explains the action of 
the passing star, he says: 

The tidal forces set up in the sun by the star are supposed to reduce pressure 
on the sun on the sides toward and away from the star and the forces, which 
now shoot forth masses of gas, are supposed to become much more effective 


and to expel greater quantities of matter to greater distances [p. 63]. 


While this is true, it is inadequate. It largely misses the specific 
point urged. Instead of vague “sides” toward and from the tide-raising 
body, the hypothesis lays stress on the “tidal cones”’ as cones, that is, as 
reliefs of pressure increasing toward the apices of the cones. In addition 
to this, it lays stress on the belt of inward pressure that wraps about the 
sun between these cones. The combination constitutes a special mechan- 
ism singularly well fitted for concentrating eruptive effects at the points of 
the cones. This is quantitatively illustrated by the accompanying figure 
used in discussing this point in The Origin of the Earth (p. 110). 

These specific features are important for in them lies the peculiar 
fitness of this combination of stresses to meet the extraordinary require- 


2 Ibid., pp. 154-55. 
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ments of the case. These requirements have already been stated' and 
emphasized, but there seems need for no end of reiteration to drive them 
home and make them stay. There must be such concentration of the 
more general forces as to bring to bear upon 1/700 of the sun’s mass 
energy sufficient to further fractionate it and shoot out these fractions 
to distances varying from thirty million to three billion miles, and these 
must, in the process, acquire 98 per cent of the angular moment of 
momentum of the whole system. On the other hand, the central body 
retains 699/700 of the mass, but only a meager 2 per cent of the moment 
of momentum. This is a most extraordinary concentration and at the same 
time equally extraordinary partition and distribution. This is the very 





Fic. 1.—Diagram of tidal forces showing lifting forces in due proportions and 
directions to and from the moon and the girdle of compressive forces at right angles to 
these. Note that the direct compression is half that of direct lifting. Prepared by 
F. R. Moulton. 


crux of the generative activities postulated. It is the climacteric feature 
in the genetic chain. 

Reid’s criticisms on this feature are as follows: 

We are entirely ignorant of the causes of solar eruptions and cannot 
say definitely whether the near approach of a star would increase or decrease 
their violence. The increased activity must be considered merely as an addi- 
tional hypothesis and not as a necessary result of the tidal forces due to the star. 
Jeans has developed the effects produced by a passing star in quite a different 
way, and without assuming any expulsive forces [p. 63). 

\ strange Janus-faced attitude is disclosed in this quotation. In 
the first sentence Reid assumes a tone that might be appropriate if rigor- 
ous demonstration were claimed for all that concerns the eruptivity of 
the sun. It is not usually presumed that all the postulates of a hypothe- 
sis will be demonstrated beyond cavil as far back as their causes. The 

* The general doctrine of close approach or dynamic encounter as a cosmological 
agency was set forth, apparently for the first time explicitly, in an article entitled “On 
a Possible Function of Disruptive Approach in the Formation of Meteorites, Comets, 
and Nebulae.” T. C. Chamberlin, Astrophysical Journal, Vol. XIV (July, 1901), pp. 
17-40; and Jour. Geol., Vol. [IX (July-August, 1901), pp. 362-93. 
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question seems to be shifted from one of reasonable hypothesis to one 
of proof. The author of a hypothesis of this kind does well if all his 
postulates are reasonable, as we are about to see. In the last sentence 
the tone is reversed; but as to that, a little later. 

When anyone declares entire ignorance on the part of those for whom 
he presumes to speak in the first person, he has the advantage of position 
and there are embarrassments in disputing him. However, we may still 
entertain the view that those who have recently made very important 
contributions to the eruptive phenomena of the sun may have gained 
some intimations of their cause, though these may yet be far from com- 
plete and fully demonstrable. There may even be some approaches to 
certainty that tone down their “entire ignorance.” Even the ordinary 
student of these phenomena may feel some certainty that the sun and the 
stars are pouring forth prodigious radiant energies, and that the only 
adequate source of supply for these energies at the surface where radiation 
takes place is furnished by prodigious convectional movements in the 
gaseous body of the sun or star, and that these violent out-and-in move- 
ments are what we call eruptivity. To imagine a sun or star engaged in 
radiation, vigorous enough to make it a sun or star, without eruptive 
convection, lacks plausibility enough for a place in a hypothesis that is 
even tolerably reasonable. The prodigious radiation necessary to make 
the sun a sun at all may not satisfy Reid’s idea of the cause of the solar 
eruptions but it does seem to mitigate somewhat our “entire ignorance.” 

But it is not necessary always to know the cause of a phenomenon to 
deal with it successfully. Our race has always been more or less ignorant 
of the cause of the cellularity of wood, but none the less it used logs as a 
float successfully at a very early date. It is well known that the sun is 
eruptive all over its surface. It is also well known that its eruptivity 
is often highly concentrated in the equatorial belt, where radiation is 
greatest for several reasons. It is known that solar substance is there 
projected to great heights. Taken together, these show susceptibility 
to concentration of the type postulated. It is known from mechanics 
that stress may be superposed on stress. In this case, it is postulated 
that differential gravitative stress of the kind actuated by the passing 
star is superposed on differential gravitative stress of the kind connected 
with solar convection. The superposed stress takes the shape of a great 
enswaddling compress belt with polar easements normal to it, these grow- 
ing more and more effective toward the conal points. On this cogent 
groundwork, it is inferred that the convectionally eruptive forces will act 
outwardly from the conal points with special effectiveness. Even if this 
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may not be thought to be beyond cavil, it seems far more probable than 
any alternative. 

In singular contrast to the exacting spirit that questions this concen- 
tration of eruptivity is the uncritical tone of the statement in the last 
sentence, that “Jeans has developed the effects produced by a passing 
star in quite a different way, and without assuming any expulsive force.” 
This implies that Jeans’s development is such as to meet the requirements 
of the case in hand; for if not, it has no place in the discussion. If the 
sun is reduced to a state in which there is no eruptivity of any kind, and 
the whole action is simply the tide of the passing star, the requirements 
of the case take this shape: (1) a tidal lift taking the form of a dispersion 
of planetary matter to distances ranging from thirty million to three 
billion miles, and (2) a concentration of this intense tidal effect on one- 
seventh of 1 per cent of the tidally affected body. The only natural case 
that seems to satisfy the condition of non-eruptivity is one in which the 
sun has ceased to be a sun, by passing into a liquid or solid state. Then 
there would be only volcanic and similar eruptivity, or none at all, and 
the tidal effect would be distributed as required by tidal mechanics. This 
view would better be named “the dead sun theory” to avoid misunder- 
standing. If, to avoid the insuperable difficulties of this case, the sun 
be supposed to be so large a gaseous body as to reduce sensibly the enor- 
mous tidal lift, the difficulty is merely stifled. Convectional eruptivity 
then comes in of neccessity. Besides, the great gaseous sun must be 
condensed later and this would give a rotational moment of momentum 
beyond the observed amount, for the expanded sun could not escape 
notable effects from the forward pull of the passing star, which must 
either have been great enough to give revolution to the planets, or the 
sun must have had rotation enough to give them orbital courses, either 
of which seems irreconcilable with the requirements of the case. We do 
not think that Jeans has even remotely met the precise demands of the 
case, nor does he seem to claim that, for he has recently said that “* Mathe- 
matical research of a kind and amount which can only be described as 
terrifying will be necessary before we can assert with any confidence that 
our solar system can be fully explained by this theory.’* The decision, 
however, will really rest, as in all similar cases, on the naturalistic evidence 
of the case. Mathematics will, of course, make its appropriate contribu- 
tion to the elucidation of this, but mathematics cannot independently 

solve the problem. 


* The Nebular Hypothesis and Modern Cosmogony, May, 1922 
} gony, Y, 1922, 
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This “tidal theory” is little other than the planetesimal hypothesis 
with solar eruptivity left out.t The tidal theory was published thirteen 
years later than the planetesimal theory and adopted the postulate of 
close approach or dynamic encounter—with inevitable tidal action— 
which is the soul of the older hypothesis. It is not clear what is to be 
gained by leaving out of consideration so effective an agency as solar 
eruptivity. But the question is not one of advantage but one of reality. 
If solar eruptivity did not exist, it must of course be left out of considera- 
tion. If it did exist actually, or potentially in a form liable to be brought 
into action, it must be considered if the theory is to relate to the real case. 
Theoretical emasculation is inadmissible. Unless, then, the “dead sun”’ 
phase is adopted—and it does not seem to be—the tidal theory, to be a 
naturalistic theory, must take eruptivity into account and be merely the 
planetesimal hypothesis under another name, varying merely in the 
effects assigned to the tidal factor. But if tidal action radically different 
from that commonly recognized is urged, it might better appear as a dis- 
tinct and revolutional contribution to the theory of tides, accompanied 
by specifications of the conditions and limitations under which the extraor- 
dinary class of actions postulated takes place. If they fit this cosmologic 
case, they are quite different from any tidal action heretofore assigned. 

One who views the subject from the realistic point of view finds it 
difficult to see how the potential eruptivity of the sun can be left out of 
account, if the sun was really a sun at the time of the separation of the 
planetary matter. 

THE THEORY OF SPIRAL NEBULAE 

On first reading of Reid’s strange statement that the disruptive 
approach of a star (or its dynamic equivalent) was not regarded as a 
necessary feature of the planetesimal hypothesis, search was made to 
find, if possible, how he could have received such an impression. At 
first, it was thought that it might have arisen from the disclaimer made 
and emphasized at an early date that the postulated mode of origin of 
spiral nebulae was not an essential: 

Let it be distinctly understood that the planetesimal doctrine of accretion 
does not stand or fall with this particular conception [that of the origin of 
spiral nebulae by dynamic encounter, mentioned in the paragraphs next above 
this sentence]. 

* James H. Jeans, “The Motion of Tidally Distorted Masses with Special Refer- 
ence to Theories of Cosmogony,”’ Mem. Roy. Astro. Soc., 1917, p. 1. 


2 Chamberlin and Salisbury, Geology, Vol. II (1905), p. 40. 
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It seemed for the moment that this disclaimer might have been under- 


stood to include the postulate of a passing star which played an essential 
part in the theory of spiral nebulae as well as the hypothesis of earth 
genesis. But this explanation lost most of what plausibility it had when 
it was found, near the end of the paper, that the spiral nebulae were 
brought into the field of attack (p. 63). Reid cites Campbell as saying 
that the spiral nebulae “abhor the Milky Way.” He does not note, on 
the other side, that Chamberlin has pointed out (1) that symmetrical 
spirals would not extend outside the sphere of control of the parent sun 
because the dynamic conditions outside are hostile, (2) that in the crowded 
stellar regions the spheres of control of the stars are small because of the 
competition of the surrounding attractions, (3) that nebulae small enough 
to be fitted to make planetary systems like ours could not be seen at 
stellar distances, (4) that the arms would wrap up quickly beyond recog- 
nition as a spiral, when the center was relatively massive as in cases of 
this kind, and that, therefore, so far as the crowded stellar regions are 
concerned, the apparent absence of spirals tallies with the limitations of 
conditions and of vision. These considerations seem more plausible than 
the postulate of galactic abhorrence. If, however, anthropomorphic 
phraseology is permissible, it ought perhaps to be added that the giant 
spiral nebulae seem to be deeply in love with the regions of the galactic 
poles. Outside the galaxy, there is doubtless plenty of room for spirals 
of great size to deploy, but why the outer spirals should entertain this 
tender affection for the polar regions is a secret for some other time and 
place than this. Still, it is pertinent to the principles herein involved to 
note that suitable aggregations of gravitative pulls may have the same 
disrupting effect whether they are embodied in a passing star or are 
aggregated in some other way. It is theoretically certain that aggrega- 
tions of concurrent gravitative lines occur at the surfaces of constellations, 
as well as of stars, while the gravitative lines in the interiors of constella- 
tions and stars alike more or less neutralize one another with approach 
toward zero at the center or centroid. On the surfaces the concurrent 
effects are differentiated if the constellation is spheroidal or-lenticular or 
ring-like, and are greater on the flattened sides or the polar region. Theo- 
retically, therefore, there is a meniscus of relatively high concurrent 
gravity on the sides of the galaxy centering toward the poles in so far as 
the galaxy is symmetrical. If then stars are shot out of the galaxy, as 
molecules of a gas are shot out, with exceptional velocities, this concentra- 
tion of concurrent attraction may have something to do with the singular 
distribution and velocities of these outer spirals. But until there is better 
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agreement as to the what, the where, the whence, and the whither of 
these outer spirals, the groundwork for guessing at the how and the why 
is quite precarious. 

Reid refers in very considerate terms to the recent studies of Van 
Maanen, which seem to show that the knots of certain large nebulae 
move in the general direction of the arms rather than at appreciable 
angles to them as in the familiar artificial and theoretical spirals. The 
motions of the arms and their progressive deformations are not specifically 
reported. Their determination is difficult because of their vagueness, 
but they are essential factors of the case. This does not imply, however, 
that this will not prove to be a new and unfamiliar class. While waiting 
‘single track 


for more complete results we may do well to beware of 
thinking” by supposing that the modus of this class disproves the 
assigned mode of formation of other classes. More than one mode of 
genesis of spirals are already recognized. The intimation of still another 
does not, in itself, throw any legitimate doubt on Moulton’s deductions 
relative to a case where radically different proportions of the actuating 
agencies are supposed to have prevailed. 
GENERAL COMMENTS 

Several other points in the paper invite comment but our space is 
already overstrained. If we take a general perspective, there are aspects 
of the paper which call for commendation. It is an open, declared, delib- 
erate, and courageous challenge. Much as one may feel compelled to 
note that Reid has fallen short of an adequate appreciation of the hypoth- 
esis criticized, he must place this explicit discussion in a higher rank 
than fugitive criticism without substantial support. A proper rating of 
this critique is best reached through comparisons in kind, for these are 
needed to reveal the difficulties of the terrane over which the attack has 
to be made, if made at all. 

The line of criticism that has perhaps seemed to the casual reader the 
most formidable has been based on the infrequency of the approach of 
stars within disturbing distances. Starting from mathematical computa- 
tions, it carries the great weight usually attached to such computations, 
particularly if we do not understand them. From the velocities, dis- 
tances, and directions of motion of such stars as are available, the time 
between disruptive approaches has been computed and found to be very 
long, very impressively long. Specifically, the result varies with the 
assumptions made, but in all cases is very long. While in reality these 
computations are not complete or conclusive in specific results, there is 
no doubt that the interval is very long. This is a good start toward an 
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argument, but when the prodigious length of the interval is reached, the 
argument seems to give place to emotion and the logic goes little or no 
farther. A fine minor premise is laid, but where is the rest of the argu- 
ment? Probably it is felt that anyone ought to see that, without state- 
ment. But what is the unexpressed major premise, and what is the 
specific Q.E.D.? Apparently it is hidden in the inherited belief that all 
stars have attendant planetary systems and that all planets are like our 
planets. Even if this were true, the added postulate that planets do not 
have lives as long as the computed intervals is needed to make the argu- 
ment good. 

Let us look a little closer at these “silent partners”’ in the argument. 
The intervals between disturbing approaches are computed for a single 
star. The frequency for the sum total of stars is found by dividing this 
interval by the number of stars (plus equivalents). This puts a different 
face on the figures and the emotions they incite and suggests the need of 
further inspection. 

It is important to note that the computations just as conclusively 
show that one star wi/l make the disturbing approach in the computed 
time—taken as an average case—as that it will mot make it in Jess time. 

How many planetary systems like ours does the planetesimal hypothesis 
postulate? Strictly, just one, our own; inferentially, as many, and only 
as many, as the prerequisite approaches have been competent to bring 
into being. It was emphasized at the very outset, as the very basis of 
the hypothesis, that our planetary system is not only not of the self- 
generated (monoecious) class, but is distinctive and peculiar in being 
bi-parental. Very likely all stars generate the self-generative class of 
secondaries; no doubt that, as in the fables of old, the parent star swal- 
lows her own children and then proceeds to generate others. But we have 
nothing to do with this class here. 

The computations, if they are good at all, show that some close 
approaches must take place; the genesis of our planetary system calls 
for only one of these certainties; it inferentially postulates as many more 
as the computations indicate. The computations thus serve as a con- 
firmation. The postulate of a suitable approach seems well nigh ‘‘demon- 
strated mathematically.” 

What then does the infrequency signify? The more infrequent such 
a genesis, the more distinguished the birth of our planet, the more aristo- 
cratic our planetary family. 

It is the future, however, that most concerns us. The greater the 
infrequency of disturbing approaches, the longer the prospective life of our 
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system. If we can rely on the computed infrequency, we can tell when 
the next planetary disturbance will overtake us, assuming that ours is 
an average case and that we know approximately the length of the 
geologic past. We have simply to subtract from the total interdisturb- 
ance period the time our planet has already lived; the remainder is the 
future allotted us. The only contingency about this lies in the possi- 
bility that our planetary system may die out of itself in some way. We 
may have to risk that, but we are assured against a smash-up. But, 
barring a domestic failure, and taking five or ten billions of years as an 
over-generous allowance for the geological past, we have only to subtract 
this from the long, long interval between disastrous approaches, and the 
rest will be the computed “expectancy of life” of our planetary family. 
If it has been noticed that we have refrained from putting into figures the 
great length of the computed interval between dangerously disturbing 
approaches, one reason may now be seen in our lack of courage to put 
seriously before the public so stupendous an expectancy of life, even 
though almost “mathematically demonstrated.”’” The very “formidable 
difficulty” of high infrequency of approach turns out almost too strong 
an ally. “Our friends the enemy” do not always support us so over- 
generously. 

The attacks from other quarters have been less ponderous, and, as 
might be expected, less gratifying in the end. Most of them have been 
fugitive, trivial, and negligible; but some have come from quarters where 
intelligence might be expected. Disrespect for the bi-parental origin of 
the planetary system has been implied by dubbing it a “freak of nature,” 
but this is to be taken lightly because the perpetrator was obviously so 
straining after wit that he forgot his own pedigree. He may be left to 
the tender mercies of the bi-parental world in general, with the suggestion 
that this includes the inorganic as well as the organic. Most of the 
adverse comments seem to imply rather an indifferent or reluctant atti- 
tude than a hostile one. They have come mainly from those who have 
not yet learned what the solar system really is, as a dynamic mechanism. 
Some have not come to distinguish between planet-killers (meteorites) 
and planet-feeders (planetesimals). In this in particular confusion of 
thought is revealed by confounding things that are dynamically very 
diverse. ‘The general effect is to befog the whole subject of cosmogony. 
It has been observed that these obscurations come most frequently from 
a land famous for its fogs, and there may be a climatic factor in it. 

Now, comparing all these with the dignified and explicit paper under 
review, it is quite obvious that the latter stands on a higher plane. At 
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the same time, the fact that none of the criticisms offered in it hold good 
when the precise nature of the planetary problem and of the solutions 
offered are clearly understood, gives increased confidence that the plane- 
tesimal hypothesis is fundamentally sound and that its development into 
subpostulates has been fairly successful. 
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A Catalogue of Geological Maps of South America. Research Series 
No. 9. By Henry B. SuLLIvAN. American Geographical 
Society, New York, 1922. $3.00; to libraries $2.50. Pp. 
191, with index map. 

Geologists have often greatly felt the need of fairly complete 
catalogues of the geological maps of various portions of the globe. 
Just such a catalogue has been issued for South America by the American 
Geographical Society. Each of the 209 listed titles is accompanied by a 
bibliographical reference to the source of the map, the location of the 
area covered, limits of latitude and longitude, the scale, size of the map 
in inches, and the number of formations mapped. Alternate pages are 
left blank for additions and notes by the user. 


Paleopathology. An Introduction to the Study of Ancient Evidences of 
Disease. By Roy L. Moopre. Urbana, Ill.: University of 
Illinois Press, 1923. Pp. 567, pls. 117, figs. 49. Price $7.50. 

This large and copiously illustrated volume attempts a complete 
summary of our present knowledge of the diseases of extinct animals and 
ancient human races. 

Approximately the first hundred pages are devoted to a general 
statement of the problem and necessary introductory matter, including 
a bibliography of paleopathology. Following a short discussion of the 
pathology of fossil plants by Edward W. Berry, four important chapters 
treat of diseased conditions in the bones of extinct vertebrates. Such 
topics as callus and fracture, deforming arthritides, caries, alveolar 
osteitis, and chronic infections comprise the list. Parasitism, of which 
evidences are found in invertebrates, is briefly treated. Our knowledge 
of fossil bacteria (non-pathological) is summarized. Death during spasm 
is suggested as a cause for the position in which certain fossil specimens 
have been found. 

The last four chapters of the book, exceeding considerably in length 
those devoted to ail other vertebrates, give a summary of the evidences 
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of disease found in early human races. Paleolithic and neolitic man, 
pre-Columbian Indians, and Peruvian races are briefly treated, while 
our much greater knowledge of the paleopathology of the ancient 
Egyptians is fully set forth. 

In considering a work which, for the first time, gives a comprehensive 
summary of this infant branch of science, three questions naturally 
present themselves: What is the possible scope of the subject? To 
what extent has its development progressed? Has the author adequately 
treated of the results already attained ? 

The possibilities are considerably limited by the fact that in general 
only the bones are preserved in fossil vertebrates. Only occasionally 
are traces of skin, muscle, and other soft parts found, apart from mummi- 
fied human bodies which tell us far more of diseases in ancient Egypt 
than we can ever hope to know of those of extinct animals. And bone 
diseases in such a standard work on pathology as that of Adami comprise 
but twelve pages out of some four hundred devoted to a systematic 
account. 

Many interesting conditions, however, are included among those 
affecting the skeleton, and much may be expected from further study of 
fossil material. So far the surface has hardly been scratched. Except 
for Egyptian studies, notably those of Ruffer and Elliot Smith, most 
previous references to paleopathology have been only incidental. Due 
in considerable measure to Moodie’s recent work, the subject is now 
receiving more of its proper share of attention. 

But while further search will undoubtedly reveal many pathological 
conditions previously overlooked, caution must be observed before a 
peculiarity is assigned to a definite pathological condition. For example, 
the exostosis on the inner side of a dinosaur scapula (Plate L) which 
Moodie believes to have “caused considerable irritation of the pleura”’ 
may well have been imbedded in the subscapularis muscle. The supposed 
tumor on the radius shown in Plate LIII may have been an outgrowth 
into the end tendon of muscles,and may have been a fairly normal develop- 
ment in the species, and hence hardly to be considered as pathological. 
As Moodie states, his evidence for tetanic and other spasms has been 
questioned. 

The answer to the third question above must be an emphatic “ Yes.”’ 
The book is an excellent summary of our present knowledge of paleo- 
pathology, and will form a substantial basis upon which it is to be hoped 


that much interesting work will be superposed. 


A. S. RoMER 
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Fourth Annual Report on the Mineral Resources of Alberta, 1922. 
Part I. Saunders Creek and Nordegg Coal Basins, Alberta, 
Canada. By Joun A. ALLAN AND RALPH L. RUTHERFORD. 
Edmonton, 1923. Pp. viit+66; pls. XVI; maps 1. 

According to The Coal Resources of the World (edited by McInnes, 

Dowling, and Leach, 1913), the province of Alberta has one-half the 


probable coal reserves of Canada, 14 per cent of those of North America, 


and nearly ro per cent of those of the whole world. 

Che report treats of the region in the foothills of the Rocky Mountains 
between the North Saskatchewan and Brazeau rivers, within which occur 
the two coal basins mentioned in the title. The bulk of the report is a 
description of the stratigraphy of the area. Herein are incorporated 
comparative tables of the Fernie, Kootenay, Dakota, and Montana 
formations for various areas in Alberta and British Columbia. Folding 
and faulting are important structural features and receive rather full 
treatment. 

In the chapter on economic geology are given detailed descriptions 
of the coal seams. The Nordegg basin contains the Kootenay Coal 
Measures of Lower Cretaceous (Comanchean) age. Bituminous steam 
coal is produced. The Saunders Creek basin contains coal of Montana 
age. This coal is stated to be of semi-bituminous rank, though the 
analyses given seem to the reviewer more typical of bituminous coal. 


A. H. B. 








